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THE INFLUENCE OF INTRALUMINAL PRESSURE 
UPON THE TRANSPORT OF FLUID THROUGH 
CANNULATED THIRY-VELLA LOOPS IN DOGS 


By D. H. P. STREETEN* anp E. M. VAUGHAN WILLIAMSt 
From the Department of Pharmacology, University of Ozford 
(Received 2 December 1949) 


The method used to obtain the results here presented is a variation upon an 
old theme. Thiry (1864) resected a portion of dog’s intestine, brought out one 
end of it through the abdominal wall, closed the other end, and left the resected 
loop, with blood supply intact, lying freely in the abdominal cavity. Vella 
(1888) improved upon this technique by exteriorizing both ends of the loop. 
Similar loops continued to be used by subsequent workers for the collection 
of secretions, and many years later Plant (1921) employed them for the study 
of intestinal motility by the introduction of an inflated balloon into the lumen. 
The disadvantages of this procedure are that the balloon provides an un- 
physiological stimulus, and fails to distinguish between local constrictions and 
co-ordinated propulsive movements. Baur (1923), employing isolated segments — 
of intestine removed from anaesthetized guinea-pigs, and Sollman & Rade- 
maekers (1926), using segments from rabbits, devised methods of recording 
the rate at which fluid was passed from one end of the segment to the other. 
Quigley, Highstone & Ivy (1934), in their search for a method to study the 
propulsive power of the intestine, tried to apply Sollmann & Rademaeker’s 
technique to a Thiry-Vella loop by means of rubber cannulae fitting tightly 
into each end. They abandoned the attempt, however, because the presence 
of the cannulae disturbed the dogs, because the ends of the loop became 
asphyxiated, and because they found the technical difficulties of recording 
too great. Instead, they modified Reid’s (1931) method of measuring the rate 
at which a solid bolus was transported from the oral to the aboral end of 
a Thiry-Vella loop. 

There are objections to this method also, however. The loop has to be filled 
with liquid paraffin, which is a departure from physiological conditions. The 
average time for the passage of the bolus is 6-8 min., so that any but long- 
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lasting effects are missed. The bolus provides a mechanical stimulus whose 
importance locally may override general alterations in activity. The bolus is 
apt to be held up by kinks in the gut during the course of its passage through 
the loop. Since the normal contents of the small intestine are fluid, it is 
reasonable to study the transport of fluid and the intermittent changes in 
pressure which occur as fluid passes through an intestinal segment. 

Borchardt (1927) devised a method on these lines, inserting into the oral 
end of a Thiry-Vella loop a catheter surrounded by a water-filled balloon. 
Fluid was introduced into the loop through the catheter, and its rate of flow 
determined by collecting it in a measuring cylinder at the aboral end. Con- 
tractions at the oral end were recorded by the movements of the water in the 
balloon. Although the rate of fluid transport was satisfactorily recorded, the 
method was still subject to the objections already made to the use of a balloon. 
More recently, Gregory (1950) described an improved method, in which the 
actual movements of the fluid in the loop were employed to operate the 
recording apparatus. The present work represents a development of this 
method, and consists in the preparation of Thiry-Vella loops with cannulae 
permanently sewn into both ends, and in the recording of movements of fluid 
passed through the loops under various conditions. Our chief interest was in 
the influence of differences in intraluminal pressure upon the motility of the 
loop. 

METHODS 

The cannulae first used were simple, flanged cylinders, but were modified as successive attempts 
were made to improve the operation. They ultimately possessed the following features (Figs. 1, 2). 
The internal diameter of the lumen was not less than 1 cm. (smaller tubes tended to become blocked 
by secretions). The external end was surmounted by a flange Z, to enable the cannula to be gripped 
when the recording apparatus was attached. Another flange, X, was fixed 1 cm. from the inner 
end and drilled with four holes, B. The earliest cannulae had simple cylindrical ends (Fig. 1 (i)), 
but it was suspected that some of the resistance offered to the inflow of fluid might be due to the 
wall of the gut lying flat across the end of cannula (Fig. 1 (i) right). Subsequent cannulae were 
provided with ‘nozzle’ ends (Fig. 1 (ii)) so that, in whatever direction the loop lay, there would 
be an opening towards its lumen. 

Another difficulty encountered in the early stages was that the mucosa grew towards the skin 
outside the cannula, permitting fluid to leak around the side, and loosening the cannulae. This 
outgrowth of mucosa could be prevented by invaginating the end of the loop, so that the outer, 
serosal, wall of the loop lay against the cannula (Fig. 1 (ii) and (iv—vi)). Small holes (A) were drilled 
in the cannula between the flange X and the nozzle to facilitate the invagination. 

Finally, a third flange Y, and two rings, were added between the flanges Z and X; the former 


was sewn into the subcutaneous tissues and prevented rotation of the cannula; the latter allowed 
the abdominal muscles a better grip on the cannula. 


The preparation of the loops 7 
The most suitable type of dog was found to be a barrel-shaped bitch, weighing about 8 kg. 
Before operation the animal was deprived of food for 24 hr. Atropine, 1 mg., and morphine, 
0-6-0'8 mg./kg., were injected subcutaneously half an hour before the induction of anaesthesia 
with ether. A Magill’s cuffed tube was then introduced into the trachea, and the inspired air was 
led over ether in a metal container. A midline incision was made, 10 cm. long, and midway 
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(iv) 


Fig. 1. (i), early type of cannula with cylindrica] end; (ii), cannula with ‘nozzle’ end to avoid 
obstruction of lumen; (iii), Perspex cannula with adjustable flange, to permit compression 
of tissue around cannula; (iv)-(vii), method of sewing in cannula. 


(ii) 


Fig. 2. (i), isolation of intestinal loop; (ii), side-to-side anastomosis. 
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between sternum and pubis. The duodenum was identified and the intestine followed caudally 
until » suitable loop of jejunum was found, usually some 25 om. below the ligament of Treitz. 
A segment of intestine was sought which was supplied for 15 om. by a single long artery separated 
as far as possible from ite neighbours. The marginal arteries having been tied on either side of the 
proposed sites of section (Fig. 2 (i)), the bowel was divided between clamps and the cuts were 
continued for'5 cm, into the mesentery. The loop thus freed was wrapped in a warm towel soaked 
in saline which contained proflavine in a concentration of 1/5000. The gut was then laid upon 
the skin towels, while the continuity of the intestine was restored by a side-to-side anastomosis 
(Fig. 2 (ii)). Since the ends of the loop were ultimately to be exteriorized on the right side of the 
abdomen, it was important to make the anastomosis on the left side of the loop pedicle. 

The cannulae were then sewn into the ends of the loop in the following manner. The loop and 
the cannula were first sewn end to end (Fig. 1 (iv)) by stitches passing through the muscle layers 
and submucosa of the loop and then through holes (A) in the cannula, situated 0-5 om. from its 
inner end. The stitches were placed in such a way that, when they were pulled tight, the serosal 
surface of the loop came into contact with the outer surface of the cannula (Fig. 1 (v)). 

Four further stitches were then passed through four holes (B) in the innermost flange of the 
cannula, down through muscle and mucosa about 0-5 cm. from the end of the loop and back again 
through the flange. They were not immediately tied, but, when all were in place, they were pulled 
upon, at the same time as the cannula was thrust into the loop. In this way the cannula, together 
with the end of the loop sewn to it by the first stitches (A), was gently intussuscepted into the lumen 
of the loop (Fig. 1 (vi)). The intussusception was secured by tying each of the four stitches in turn. 

Two separate stab incisions were made 4-5 om. apart and 2-5 cm. to the right of the midline 
incision. Two further stitches C were placed in position, lateral to the stab incision, before the 
cannulae were brought out through the abdominal wall. When tied, these pulled the serosal surface 
of the loop into contact with the peritoneum outside the perimeter of the flange X. On the medial 
and more accesible side of the cannula, the serosal surface of the loop was united to peritoneum 
by a running stitch. . 

The midline incision was then closed in three layers. Finally, the middle flanges of the cannulae 
were buried in the subcutaneous tissue surrounding the stab incisions. Nylon sutures were used 
throughout. 

Apparatus 

This is illustrated in Fig. 3. A constant-level inflow reservoir (IR) containing Tyrode solution 
was mounted upon a vertically adjustable stand. The fluid passed from it through two coils in 
a warm water-bath (WB), thermostatically controlled, and thence into the cannula of the oral 
end of the loop. Before entering the loop the fluid traversed a heat-exchanger (HZ), through the 
outer jacket of which warm water was circulated by a rotary pump (P). A thermometer (7h) 
indicated the temperature of the fluid actually entering the gut, and this was kept at 37-38° C. 
by adjusting the thermostat. 

A T-piece (7') was connected to the inflow tube and led to a vertical glass column, from the 
top of which another tube ran to the uppermost of three piston recorders. The contractions of the 
part of the loop immediately beyond the inflow cannula caused the Tyrode to flow to and fro in 
and out of the cannula, and this movement of the fluid was transmitted, via the T-piece and glass 
column, to the recorder. A graduated scale was set beside the column. In order to read the height 
of the inflow pressure above the level of the cannula, a clip was placed temporarily between the 
T-piece and heat-exchanger, whereupon the fluid level in the column equalled that in the reservoir. 

The cannula of the aboral end was similarly attached to a second vertical column and piston 
recorder. Half-way up the column a side-tube (3) was attached, bent to form a water-seal, and 
open at the far end, so that the fluid in the column ran out as soon as it reached the height of this 
side-tube. The whole column was mounted on a vertically sliding scale; by this means the height 
to which the fluid had to be forced by the loop before it could escape was easily varied. The outflow 


from the side-arm was collected by the funnel of the outflow recorder (OR), which operated the 
third and lowest recorder. 
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Three tracings were thus made on the drum (Fig. 6). The uppermost recorded the movements 
of fluid at the oral end of the loop, the middle recorded the movements at the aboral end, and 
the lowest indicated the rate at which the fluid was expelled from the loop. 


Fig. 3. Recording apparatus attached to dog. Tyrode solution flows from reservoir [R, through 
a water-bath, WB, and heat-exchanger HZ, into the inflow cannula. The upper two piston 
recorders register movements of the oral and aboral ends of the loop. The lowest records 
the rate of transport of fluid through the loop. Water is circulated through the outer jacket 
of the heat-exchanger HE, by a rotary pump P. The thermometer 7’, indicates the t tu 
of fluid actually entering the loop. 


Relay-operated outflow recorder 

The output of fluid from the loops was found to be intermittent, and some difficulty was 
experienced in recording it satisfactorily. Drop-timers work best at low rates of flow, and fail 
to record adequately a continuous stream. Differential recorders (Stephenson, 1948) require rates 
of flow varying within fairly narrow limits. The Thiry-Vella loops might push out no fluid at all 
for a few minutes, and then deliver several millilitres in a few seconds. For this reason an 
integrating type of recorder was adopted, emptied by a relay. 

A glass cylinder (Fig. 4) was filled from the bottom, and the displacement of air by the fluid 
entering it operated a piston or float recorder. Two platinu... alectrodes fused into glass were led 
in from the top. When the fluid (Tyrode) reached the upper of these, 1, contact was made between 
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the electrodes 1 and 2, and current flowed from a battery through the relay R, which opened 
the clip C. The fluid then ran out through the metal outlet tube O, and since the level of the fluid 
in the cylinder fell, contact was broken between 1 and 2. The clip C would now have closed once 
more, and the level of the fluid would have oscillated about electrode 1; but this electrode was 
connected to a third electrode 3, placed below the outflow tube, so that contact between 1 and 2 
was maintained by the fluid running out. The current now passed from the battery through the 
relay and electrode 2 to electrode 4 (connected to the outflow tube), and thence across the bridge 
of outflowing fluid to electrode 3 and back to the battery. Thus the clip C was held open until 
the circuit was broken by the fluid falling below the level of electrode 2, contact then being 
broken between electrodes 2 and 4. The clip now closed, and the bridge of outflowing fluid fell 
away, so that the relay did not operate again until the fluid once more reached the level of 
electrode 1. 


Fig. 4. Relay-operated outflow record: for description see text. 


Setting up of apparatus 
The cannulae were attached to the inflow and outflow tubes in the manner illustrated in Fig. 5. 
A flange (F) was attached to the end of a silver tube (5). A rubber collar (RC) surrounded the tube 
behind the flange, and beyond this was a washer (W). Behind the washer the silver tube carried 
a thread, upon which rode a milled collar (MC). The end of the tube was inserted into the cannula. 
When the collar was screwed home, the washer was forced towards the flange, and caused the 
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The height above the cannulae of the side-arm (8) is referred to as the ‘outflow pressure’, but 
in fact this pressure was not always held constant, but represented the height to which the fluid 
had to be forced by the loop before any of it could flow out of the side-arm. Thus, if the aboral end 
of the loop relaxed, the height of the level in the column fell, sometimes below the level of the 
fluid in the inflow reservoir, until further propulsive contractions of the aboral end once more 
raised it to the height of the side-arm. 

No food was left in the cages overnight, and the experiments on the dogs commenced at 
approximately the same time each morning. 


Fig. 5. Method of attachment of recording apparatus. The tube on the right is thrust into the 
cannula shown on the left, and fixed by screwing home the milled collar (MC). 


RESULTS 


(1) Post-operative progress 
In the preparation of these loops three main difficulties were encountered. 
The first was the tendency of the mucosa to grow outside the cannula towards 


the skin, and was overcome by invaginating the mucosa in the manner 


described above. The second was that, sooner or later, especially if high intra- 
luminal pressures were employed, fluid containing micro-organisms from the 
lumen seeped out between the cannula and the muscle of the abdominal wall. 
This leakage made accurate recording impossible, and brought the useful life 
of the loop to an end. In the experiments described here silver cannulae were 
used and, with the best preparations, observations were possible for 3 weeks 
to 2 months before leaks developed. More recently, however, this difficulty 
has been overcome by the use of plastic (Perspex) cannulae (Fig. 1 (iii)). This 
material causes so little tissue reaction that it was found unnecessary to unite 
the peritoneum and serosal layer outside the perimeter of the flange X. This 
flange was accordingly made larger (2-5 cm. diameter) and slotted. The in- 
vaginating stitches B were not tied to the flange, but were brought out through 
the abdominal wall in the manner of stitches C, so that one row of stitches 
sufficed both to invaginate the end of gut and to secure the cannula. The flange 
Y and rings were omitted. The flange Z was made adjustable, and, when the 
dog was set up for experiment, was employed to press a Perspex washer against 
the skin. This washer met the counter-pressure of the widened flange X, 
compressing the tissues in between and making leaks impossible. 

The third problem was that granulation tissue continued to grow from the 
invaginated ends of the loop. This tended to block the cannula by bulging into 
the lumen, but was easily kept in check by the regular use of a cautery, no 
anaesthetic being necessary. 
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Bitches were very easily trained to lie quietly on their sides for several 
hours, and, on the whole, though they were intrigued by the appearance of 
their cannulae, they did not molest them. 


(2) Types of intestinal actwity 
The activity of a jejunal loop is shown in Fig. 6. The upper tracing records 
the contractions of the oral end, into which fluid was flowing at a pressure of 
6 cm. Tyrode. The middle tracing records the contractions of the aboral end. 


Fig. 6. Normal contractions of a jejunal loop. In this and in subsequent kymographic records 
the top tracing represents contractions of oral end of loop; the middle tracing, contractions 
of aboral end, and the lowest tracing, outflow record calibrated in ml. Time marked in minutes. 
Pressure at the ora] end was 6 cm. Tyrode, at the aboral end 8 om., so that the fluid trans- 
ported (lowest tracing) represented work done by the loop. At the oral end small segmenting 
contractions alternated with groups of large contractions. The aboral end displayed a similar 
rhythm, out of phase with that of the oral end. The upward movements of the lowest lever, 
registering outflow from the loop, were synchronous with the groups of large propulsive 
contractions at the aboral end. 


The outflow side-arm was fixed at 8 cm. above the level of the cannulae, so 


that any fluid transported through the loop (recorded by vertical excursions _ 


in the lowest tracing) had been pushed out against a pressure gradient of 
2 cm. Tyrode. At both ends of the loop groups of large contractions alternated 
regularly with periods of relative quiescence. Although the groups overlapped 
they were in opposite phase, the point of maximum activity at one end 
coinciding with quiescence at the other end. The groups of large contractions 
of the aboral end were synchronous with the outflow of fluid from the loop, 
and these groups of large contractions are referred to in future as ‘ propulsive’. 
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Whether these propulsive movements correspond to anything which could be 
described as a ‘peristaltic wave’ remains to be confirmed by X-ray studies. 
In the classical Magnus preparation in vitro an ‘increase in tone’ usually 
refers to a persistent shortening of the intestinal segment; but it has also been 
taken to mean @ rise in the general level of activity. In this paper ‘tone’ is 
taken to mean the amount of resistance which the wall of the gut offers to 
changes in pressure, whether applied from within the lumen, or upon the outer 


Fig. 7. Record from a loop of terminal ileum during ether anaesthesia. The pressure at each end 
of the loop was 8 om. Tyrode. The left part of the record shows the effects of deepening 
anaesthesia. No active contractions are present, the movements of the two upper levers 
being synchronous with respiration. As anaesthesia was deepened relaxation of the loop 
permitted the entry of fluid (each abrupt upward excursion of the top lever represents 
one drop). In the right part of the record anaesthesia was lightened. An increase of tone 
forced fluid out of the loop. 


wall of the loop. An increase in this resistance could accompany a shortening 
of the segment (and consequent thickening of the wall) or a sustained tonic 
contraction of the circular muscle of the gut. If a piece of metal tube were 
placed inside the abdomen, changes in the intra-abdominal pressure would 
be unable to influence the pressure inside the tube, owing to the complete 
rigidity of the metal. A similar, though less perfect, rigidity exists in the 
walls of Thiry-Vella loops, even though they may themselves be in movement. 
For example, the changes in intra-abdominal pressure which occur during 
respiration (Wilson, 1933) do not appear on the tracings, for the tone of the 
loop wall is sufficiently high to insulate the lumen from their effect. 
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Ether anaesthesia has been shown, by other methods of recording (Bhatia 
& Burn, 1933), to abolish intestinal contractions, and a similar effect can be 
seen in Fig. 7. The interest of this tracing is that it illustrates a relaxation of 
tone, as defined above, There were no slow movements of the type associated 
with intestinal contractions but only rapid excursions of both upper levers, 
synchronous with respiration. Inflow and outflow pressures had been made 
equal. During the recording of the left half of the tracing, anaesthesia was 
gradually deepened, and resulted in two manifestations of a further relaxation 
of tone. First, fluid entered the loop, but did not leave it; each sharp upward 


Fig. 8. Activity of a loop of terminal ileum with the dog under anaesthesia. On the left of the 
record sodium pentothal was being infused intravenously (1-3 mg./min.). Between the arrows 
the infusion was stopped, and the dog was made to breathe ether. The pressure was 8 cm. 
Tyrode at both ends of the loop. | 


excursion of the upper lever coincided with the entry of a bubble into the 
inflow reservoir, but there was no outflow, indicating that the volume of the 
intraluminal contents had increased. Secondly, the excursions of both levers 
increased, indicating a greater transmission through the loop wall of the intra- 
abdominal pressure changes synchronous with respiration. In the right half 
of the tracing, anaesthesia was lightened. The respirations became more 
vigorous, and remained so. But the intestinal tone increased, as shown by 
a diminution in the volume of the loop, from which fluid was expelled (rise of 
lowest lever); and by the fact that, although respiration continued to be 
vigorous on the right of the tracing, the excursions of the levers diminished in 
size. As a contrast, in Fig. 8, the behaviour of the same loop is shown during 
anaesthesia with an infusion of sodium pentothal, 1-3 mg. per min. Between 
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the arrows the infusion was discontinued, and the dog was made to breathe 
ether for a brief interval. The immediate effect of ether upon the intestine 
is apparent. 
| (3) Effects of differences in intraluminal pressure 

In a typical experiment, before measurements commenced, the loop was 
‘exercised’ for about half an hour and then the inflow pressure was set at 
a particular level, and after a satisfactorily constant rate of outflow had been 
established, the outflow pressure was varied, usually in steps of 1 cm. A full 
range of measurements took many days to complete, and experiments were 
therefore continued and repeated for a few hours each day, on several successive 
days. Sets of measurements were obtained over a wide range of pressures on 
five of the dogs. ) 


B 


A D 


Fig. 9. Determination of threshold intraluminal pressure necessary to stimulate propulsive 
contractions in a loop of terminal ileum. The outflow side-tube was 3 cm. below the level of 
the cannulae. In A, B, C and D the inflow pressure was raised from | to 2, 3 and 4 om. 
respectively. Propulsive activity commenced at C (outflow two drops in 5 min.); regular 

effective contractions occurred at D. 


In the quiescent state, in the absence of any distending pressure in the 
lumen, the loops appeared to be completely closed. The evidence for this was 
that if the lumen and recording system were first filled with fluid, so that no 
air locks persisted, and the inflow reservoir was adjusted to the level of the 
cannulae, then, however far the outflow tube might be lowered, no fluid could 
be induced to run through the loop (Fig. 9A), which would not lend itself 
to form part of an hydraulic siphon, and could not, therefore, be lying open 
and flaccid. Nor would the raising of the inflow pressure immediately result 
in the passage of fluid, but a certain threshold distending pressure had to be 
reached before the loop could be induced to relax. In the earlier dogs the 
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threshold pressure was as great as 5-6 om., but this high value was probably 
due to the fact that the cannulae had simple cylindrical ends, which could 
be occluded by the mucosal wall lying flat against them. The more recent 
cannulae were provided with perforated nozzles to obviate this difficulty, so 
that, wherever the mucosa lay, at least one hole would open towards the lumen. 
Whatever the explanation (i.e. whether in spite of these precautions there was 


RB 
(cm.) (cm.) (cm.) 
At oral end 10 reg 12 
At aboral end a 12 12 


When the inflow pressure was 10 cm., propulsion of fluid took place against a pressure : 
gradient of 1 cm. (A). When the inflow pressure was raised higher still, to 11 om. (B), the : 
ability to work against a gradient was lost, and the inflow and outflow pressures had to be | 
made equal for fluid to be transported (C). 


still some mechanical obstruction, or a reflex relaxation had to be provoked) 
the fact was that there was still a minimum threshold pressure below which : 
the loop resisted the passage of fluid: e.g. in Fig. 9 A-D the outflow side-tube . 
was 3 cm. below the level of the cannulae, yet outflow did not eommence until | 
the inflow pressure was raised to between 3 and 4 cm. | | 

Provided this minimal distending stimulus was present, the loop would — | 
not only permit the fluid to flow intermittently to a lower level at the other ' 
end, but would push it out against a pressure higher than that of the Tyrode . 


d 
« 
; 
a 
. 
4 
¢ 4 
: ig. 10. Con i record of unal under the followi ditions: 
Fig. 10. tractions and outflow a jej ollowing pressure con ns: 


FLUID TRANSPORT IN THIRY-VELLA LOOPS - 13 


flowing in. When the inflow pressure was raised still further an optimum range 
of pressures was reached over which the loop would propel fluid most efficiently, 
and although only 10-12 cm. long, one of the loops could raise the fluid to 
a level as high as 6 cm. above the inflow pressure. 

It is, of course, well known that increased intraluminal pressure does provoke 
intestinal activity, and in these preparations the amplitude of the contractions 
at either end of the loop was approximately proportional to the distending 
pressure (Figs. 9, 10). But the amplitude was not directly related to the 
efficiency of fluid propulsion. For example, when the inflow pressure was 
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Inflow pressure, cm. Tyrode 

Fig. 11. The influence of intraluminal pressure upon propulsive efficiency in different dogs. 
Abscissae: inflow pressure in cm. Tyrode. Ordinates: the maximum height of the outflow 
side-arm above the level of the inflow pressure, at which the loop was able to propel fluid. 
The work done by the loop is proportional to the height to which it can raise fluid above the 
inflow pressure, so that, provided it can still propel fluid, the difference between the outflow 
and the inflow pressures can be taken as a measure of the loop’s efficiency. Shaded columns: 

loops of jejunum. Unshaded columns: loop of terminal ileum. 


raised even higher, despite a further increase in the amplitude of the con- 
tractions, a point was reached where the ability of the loop to propel fluid 
against a gradient failed (Fig. 10). In the jejunal loops this was in all cases at 
10-11 cm. inflow pressure in terms of Tytode. The actual contractions at this 
pressure were exceedingly vigorous, yet they were quite unable to cause move- 
ment of the fluid along the loop unless the outflow pressure was equal to, or 
lower than, the inflow pressure. In this way a clear distinction could be seen 
between contractions at pressures less than 10 cm. which, though quite small, 
were nevertheless effective in the propulsion of fluid, and the extremely 
vigorous, yet quite ineffective, contractions provoked by pressures of 11 cm. 
or more. In loops of terminal ileum, fluid could be propelled at pressures 
higher than in jejunal loops, yet a point (14 cm.) was ultimately reached in 
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these, too, when the propulsive capacity was lost, although violent contractions 
continued. Sudden raising of the pressure sometimes appeared to cause dis- 
comfort to the dogs, but there was no evidence of this when, as in these 
experiments, the high pressures were approached in 1 cm. steps. 

In Fig. 11 are recorded measurements of propulsive efficiency made on five 
dogs over a wide range of pressures. It can be seen that the loop is most 
efficient at inflow pressures of 4-8 cm., and that outflow against a gradient 
fails in jejunal loops when the inflow pressure exceeds 10 cm. Tyrode. 

It was found important to conduct the experiments under conditions of 
absolute quiet. Unpleasant experiences, e.g. injections, noise, or the entry of 
strangers, often inhibited contractions and retarded outflow ; pleasurable events, 
on the other hand, such as the entry of its master, caused the dog to respond 
not only with a wagging tail but also with a hyperactive gut. These emotional 
effects confirm the observations of Borchardt (1927) and Castleton (1934). 


(4) Frequency of contractions 

The rhythm of the recorded contractions was remarkably constant. Even 
when there was a very obvious pattern of groups of large propulsive move- 
ments alternating with smaller contractions, the interval between the indi- 
vidual large contractions was the same as that between consecutive small 
contractions. This constancy of timing was such that the small movements 
appeared simply to enlarge into propulsive movements, and were reminiscent 
of a radio carrier-wave with amplitude modulation. The number of contractions 
per minute varied very little, and was entirely unaffected by changes in pressure. 
The frequency of the contractions was counted over a large number of 5 min. 
periods in different dogs under varying conditions of pressure and it was found 
that, in the jejunal loops, it was almost identical in each dog. The results of 
the frequency counts in one of the jejunal loops are given in Fig. 12 A, plotted 
against the pressures prevailing at the oral and the aboral ends. The mean 
values were 12-43 contractions per minute at the oral end («=0-102), and 
12-36 per minute at the aboral end («=0-098). The frequencies in the loops 
of terminal ileum were similarly constant, but were slower. The mean of the 
values shown in Fig. 12B, taken from an ileal loop, was 10-58 contractions 
per minute (« =0-055). This difference between the frequencies of jejunal and 
ileal contractions was highly significant statistically (P between 0-01 and 
0-001). 

The intervals between the groups of propulsive contractions, on the other 
hand, and their durations, were subject to much greater variation. A rise in 
pressure caused an increase in the frequency of the groups of propulsive con- 
tractions both at the oral and the aboral end. In Fig. 12C the number of 
groups of propulsive contractions occurring at the oral and aboral ends of 
a jejunal loop is plotted against the pressure prevailing at that end. Each 
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point represents the mean of two or three observations, and it can be seen that 
there is a definite correlation between pressure and frequency, in marked 
contrast to the constancy of the frequency of the individual component con- 
tractions. At a given outflow pressure, raising the inflow pressure caused an 
increase in the frequency of the groups of propulsive contractions not only 
at the oral, but also at the aboral end; and conversely at a given inflow pressure, 


Jejunum 


12345 6 7 8 9 10 1112131415 
Pressure, cm. Tyrode 


contractions in min. 


123456 7 8 9 101112131415 
Pressure, cm. Tyrode 

Fig. 12. Effect of intraluminal pressure upon frequency of individual contractions, and upon 
frequency and duration of growps of propulsive contractions. Circles: contractions of the 
oral end of the loop. Triangles: contractions of the aboral end. Abscissae: intraluminal 
pressure in cm. Tyrode. Ordinates: A and B, frequency of individual contractions per minute 
in @ jejunal and an ileal loop respectively. There is no correlation between frequency and 
pressure. C and D, frequency and duration respectively of growps of propulsive contractions 
in @ jejunal Joop. Frequency is proportional to pressure. Duration first increases, then 
diminishes, as the pressure is raised. 


‘Taising the pressure at the aboral end increased, though to a smaller extent,: 


the frequency of the propulsive groups at the oral end. The rhythm of the 
propulsive groups thus presents a picture of frequency modulation, the 
freqiency being proportional to the distending intraluminal pressure. 

The duration of the growps of contractions also increased as the pressure was 
raised (Fig. 12D), but above 5 cm. it decreased again. So long as the groups 
were discrete, this decrease was an inevitable concomitant of the increase in 
frequency already noted. | 

(5) The effect of changes in temperature 

Lowering the temperature of the fluid entering the loop caused a diminution 
in the amplitude of the recorded contractions, and ultimately abolished pro- 
pulsion altogether. The frequency of the individual contractions was not altered, 
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but the groups of propulsive movements became more widely separated as they 
diminished in size. The effect of lowering and again raising the temperature 
of the inflowing fluid is shown in Fig. 13. It was, of course, only the fluid 
entering the lumen which was cooled, the walls of the loop being presumably 


Fig. 18. The effect of reducing the temperature of the fluid entering a jejunal loop. The tem- 
perature was lowered from 36-5 to 32° C. and then raised once more. The pressure was 6 cm. 
at the oral, and 8 cm. at the aboral end. 


not far from blood temperature. This brief and reversible effect of cooling is 
different from that observed by Ambache (1946), who kept strips of isolated 
intestine at 0—2° C. for periods of days, causing irreversible damage to the tissues. 

It was of interest to discover whether cooling the intraluminal fluid affected 
the muscle fibres themselves, or depressed nervous elements co-ordinating 
propulsive movements, or even elicited an inhibitory reflex by stimulating 
cold receptors. Cannulae were sewn into short lengths of excised intestine, 
and these were placed in a bath containing oxygenated Tyrode at 37° C. The 
cannulae were then attached to the recording apparatus, and Fig. 14 shows 
the result of such an in vitro experiment. Contractions still occurred when 
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the temperature of the inflowing fluid was 26-5° C., so that the depression of 
transport in vivo cannot have been due to a direct effect upon the muscle. 

In the experiment of Fig. 13 the inflow and outflow pressures were equal, 
and the propulsion of fluid could have been effected by purely myogenic con- 
tractions. In order to learn whether co-ordinated propulsive movements were 
depressed by cold in vitro as well as in vivo, it was first necessary to be certain 
that such movements were in fact occurring, from the evidence of grouping 


35° 27°. 26-50 


Fig. 14. Tracing of activity of an isolated jejunal segment immersed in oxygenated Tyrode kept 
at 37° C, throughout. Between the arrows cool Tyrode was run through the lumen of the 
loop, and fluid entering the loop subsequently was maintained at a low temperature. Contrac- 
tions continued nevertheless. 


or the ability to transport fluid against a gradient of pressure. Unfortunately, 
dog intestine is not very suitable for in vitro experiments, and satisfactory 
records were seldom obtained. Even when the contractions were reasonably 
good it was difficult to induce an isolated loop to transport fluid against 
pressure for more than a few minutes. When such transport did occur, cooling 
did cause some depression, but not as much as was expected. Thus it is only 
possible to say that dog’s intestine in vitro will still contract when it contains 
fluid at temperatures which inhibit transport in vivo; but that the mechanism 
of this in vivo inhibition, apart from the fact that it is not a direct affect upon 
the muscle, has still to be elucidated. 
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DISCUSSION 
There is considerable variation in the results obtained by previous investi- 
gators who studied the pressures existing within the intestines of dogs. 
Sherrington (1915) observed an intraluminal pressure of 2-4 cm, water in the 
jejunum of dogs after a meal, Gruber & De Note (1935), on the other hand, 
recording (with a balloon) the movements of Thiry-Vella loops, found that 
contractions did not diminish until the balloon was inflated to 30 cm. water, 
and recommended the use of pressures between 10 and 15 cm. Sperling, 
Paine & Wangensteen (1936) found normal intraluminal pressures in dogs to 
be 1-5 cm. water. Brody, Werle, Meschau & Quigley (1940), using an optically 
recording manometer in fasting dogs, observed normal pressures in the 
duodenum to be from —3 to +3 cm, water. 

In isolated segments of guinea-pig intestine, Trendelenburg (1917) had to 
use distending pressures of 2-3 om, Tyrode to elicit peristalsis, but Baur (1923) 
found that pressures higher than 2:5 cm. reduced activity; in rabbits, Sollmann 
& Rademaekers (1926) observed the optimum intraluminal pressure to be 
1-2-1-5 cm. There is agreement that in several species a certain minimum 
pressure of between 1 and 2 cm. water is necessary to provoke peristaltic 
movements, and this pressure has, in fact, been found to be so constant in any 
particular intestinal segment that it has been adopted (the ‘peristaltic 
threshold’) as an index of sensitivity. It is, therefore, of interest to observe 
that by the method described in this paper, by means of which the activity 
of loops with intact blood supply was made to yield the sort of information 
usually obtained from isolated loops, it has been found that the peristaltic 
threshold is of the same order. 

The evidence presented in this paper is consistent with the hypothesis that 
the normal physiological stimulus initiating propulsive activity in one segment 
of intestine is its distension by fluid propelled from the segment immediately 
proximal to it. It would appear from the resistance offered to the passive 
flow of fluid through the loop that the lumen is normally closed in the absence 
of a distending stimulus. Non-propulsive movements do, of course, occur in 
the undistended loop, and contractions have been observed in these Thiry-Vella 
loops in the absence of any fluid, when they were viewed through the cannulae 
before an experiment was started. But the fact that a certain threshold dis- 
tending pressure is necessary to provoke propulsive contractions suggests 
that some receptors are normally excited before a co-ordinated propulsive 
movement occurs. The effect of pentothal anaesthesia was also consistent with 
this view. In the experiment shown in Fig. 8 anaesthesia was sufficiently 
deep to abolish the corneal reflex. The intestinal muscle, however, was still 
capable of contractions of considerable amplitude; yet it was found that the 


loop’s power to propel fluid against an adverse gradient of pressure had been 
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abolished, and that the outflow pressure had to be lowered to the same height 
as the inflow pressure before fluid could be transported along the loop. Under 
ether, not only were the propulsive movements abolished, but there was no 
evidence even of any myogenic contractions. | — 

The remarkably close correlation between the distending pressure and the 
frequency at which groups of propulsive movements occurred was in contrast 
to the constancy of the frequency of the individual contractions, and was 
presumably part of the mechanism by which a rise in intraluminal pressure 
stimulated the bowel to perform more work. The lower frequency of individual 
contractions in the ileum indicates that the intestine of the dog conforms to 
the same descending frequency pattern as has been shown by Alvarez (1914) 
to be present in Magnus and in vivo preparations of rabbit intestine. The actual 
frequencies observed by us agree with counts we have made of the frequency 
of the contractions of Thiry-Vella loops in tracings published by Borchardt 
(1927). Castleton (1934) and Douglas & Mann (1939), however, found in Biebl 
loops (i.e. loops of dog’s intestine lodged in the subcutaneous tissues, but 
still in continuity with the rest of the bowel) that the frequency of contractions 
was 17-18 per minute in the jejunum, and 12-14 per minute in the terminal 
ileum. These frequencies were unaffected by denervation, but, when the loops 
were isolated (in situ) from the rest of the intestine, Castleton found that the 
frequencies fell to 12 per minute and 8 per minute respectively. _ 

From the fact that fluid can be forced out of the loop at a pressure higher 
than that at which it is flowing in, it can be deduced that a complete closure 
of the lumen must exist at some point between the cannulae and must be 
maintained throughout each period of propulsive activity. When the outflow 
pressure is increased above a certain height (about 10 cm. in the jejunum), 
the loop can no longer remain closed, and thus, although contractions may be 
extremely vigorous, they are unable to transport fluid, which runs back as 
fast as it is moved forward. This failure to sustain high pressures explains some 
of the features characteristic of intestinal obstruction. For example, Owings, 
McIntosh, Stone & Weinberg (1928) observed, by means of cannulae previously 
inserted into the jejunum and ileum of dogs, that in the course of a few days 
following obstruction of the gut distal to the cannulae, the intraluminal pressure 
was sustained at only 6-8 cm., although individual contractions might give 
rise to pressures as high as 50 cm. Thus it is easy to understand why these 
high pressures, developed during contractions, are distributed over long lengths 
of gut, and why, when the abdomen of a patient with ileal obstruction is opened, 
the upper jejunum often appears no less distended than the bowel immediately 
above the obstruction. 


e 
t 
y 
1e 
3) 
m 
y 
tic 
ve 
ity 
on 
tic 
hat 
ent | 
aly 
sive 
nce 
r in 
ella 
sive 
= ith 
ntly 
still 
the 
9 9 


20 D.H. P. STREETEN AND E. M. VAUGHAN WILLIAMS 


SUMMARY 

1. An operation is described for preparing Thiry-Vella loops of dog’s 
intestine, with cannulae sewn into the ends. The cannulae were connected to 
an apparatus which recorded the movements of both ends of the loop, and the 
rate at which fluid was transported through it. 

2. An outflow recorder automatically emptied by a relay is also described. 

3. The pressures of fluid distending the loop at each énd could be altered 
independently. The fluid could be neither actively transported nor passively 
siphoned through the loop, unless the pressure distending the wall of the loop 
exceeded a certain threshold. The necessity for a threshold distending pressure, 
supports the hypothesis that intestinal transport requires the excitation of a 
reflex. Propulsion was most efficient at intraluminal pressures of 4-8 cm. 
Tyrode, when fluid could be pushed out against a pressure higher than that at 
which it was flowing in. Pressures above 10 cm. in jejunal loops, and 13 cm. 
in loops of terminal ileum, caused failure of this ability to transport fluid 
against a gradient of pressure. 

4. Propulsive movements occurred in groups, separated by smaller seg- 
menting contractions. Raising the intraluminal pressure increased the fre- 
quency of the groups, but not of the individual component contractions. 

5. Lowering the temperature of the fluid entering the loop to 32°C. reversibly 
abolished its ability to transport fluid. The effect was not due to a direct 
effect upon the muscle, for isolated segments of intestine in vitro were able 
to contract at even lower temperatures. 

6. The failure, at intraluminal pressures above 10 cm., to transport against 
& pressure gradient offers an explanation for the observation that in intestinal 
obstruction the sustained intraluminal pressure is only 6-8 cm., and that the 
small bowel is often uniformly distended. 


We wish to express our thanks to Prof. R. A. Gregory for his kindness in instructing one of us 
(E.M.V.W.) in the surgery and management of dogs, to Mr R. Smith for his technical assistance 
and to Mr O. B. Saxby for making the cannulae and most of the apparatus, and for suggesting 
the third electrode on the outflow recorder. 


Note added in proof 


Since this paper was submitted it has been found possible, by cannulating the arteries and 
washing out the blood, to induce segments of dog intestine to transport fluid under comparable 
conditions in vitro against a pressure gradient for several hours, Cooling the fluid entering the 
loop caused no diminution in the rate of propulsion. The inhibition of propulsion in vivo by 
cooling the fluid admitted to the loop cannot, therefore, be due to a direct action upon the 
muscle or intrinsic nerves of the loop, but must be effected by some indirect mechanism not 
present in vitro, 
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DYSHIDROSIS PRODUCED BY GENERAL AND REGIONAL 
ULTRA-VIOLET RADIATION IN MAN 


By M. L. THOMSON 
_ From The National Hospital, London, and the Department of 
Eaperimental Psychology, University of Cambridge 
(Received 9 December 1949) 


Diminution or absence of sweating is a feature of many, if not all, cases of heat 
stroke. At high environmental temperatures, the resulting upset of evaporative 
heat loss is sufficient to explain the hyperpyrexia, but the cause of the break- 
down in sweat production has not yet been found. 

Experience as a Naval Medical Officer in Ceylon during the last war suggested 
that the sweating rate of personnel was reduced after an exposure to the sun 
sufficient to cause erythema. Elevated temperature, headache and malaise 
were also noted in certain cases where sunburn appeared to be the only ab- 
normality present. It is at present believed that sunstroke and heat stroke 
are identical and that the sun only acts by increasing the heat load. The views 
of authorities on this subject may be summed up in the words of Blum (1945): 
‘It is possible that there are some direct specific effects of sunlight in heat 
stroke, but such have not been demonstrated.’ However, it appeared possible 
that where extensive blistering had been caused by solar radiation (such as might 
readily occur in summer in temperate latitudes) sweating would be impaired 
at least over the blistered areas. It had been observed that the blister of a 
second degree thermal burn became noticeably larger after profuse perspiration. 

According to Lippman (1942), ultra-violet (U.v.) radiation caused an average 
of 10% reduction in the insensible perspiration rate of white subjects 2 hr. 
after exposure. There was almost complete return to normal after 24 hr. 

The first series of experiments was carried out to determine whether v.v. 
radiation, particularly the wave-lengths present in sunlight, affected man’s 
ability to sweat and if so what was the reason for this, and what adverse effects 
accompanied the alteration in sweating rate. The work was carried out in 
experimental hot rooms at the National Hospital, London, and at the Depart- 
ment of Experimental Psychology, Cambridge, using human volunteers from 
the Royal Navy, Army and the Royal Air Force. 
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METHODS 


The subjects were all fit young men who had been acclimatized by resting and working in the heat 
for at least 24 hr. per day for 10 days during the fortnight before the trials. Each experiment 
involved a series of daily trials during which the subjects were exposed to controlled environmental 
thermal conditions and air movement in the nude for standard times. For the same length of time 
each day they worked by stepping at a known rate on and off a stool 1 ft. high. In one climatic 
chamber it was possible to maintain a high degree of uniformity in temperatures and air movement 
for all trials, and observations to ascertain the effects of radiation were made on the same subjects 
before and after exposure to the v.v. lamp. In the second climatic chamber, where temperature 
control was less accurate, one or more subjects were left unradiated as controls. (Air movement 
was constant throughout each experiment.) The men were weighed immediately before entering 
and before leaving the hot room, and sometimes at intervals during the trials. Water was allowed 
ad lib. but an effort was made to achieve approximately the same intake every day. Fluid intake 
and excreta were measured and recorded on charts for each subject. Rectal temperatures and 
pulse rates (in the standing position) were taken on entering and before leaving the hot room, and 
after each work period. | 

For qualitative determination of sweating rate on small areas and to delineate the pattern of the 
sweat drops Minor’s method (1927) and quinizarine were used. In Minor’s method a solution con- 
taining iodine is painted on to the skin. When this is dry starch powder is applied by dusting. 
When sweating commences a blue-black colour (starch-iodine reaction) appeats. Quinizarine, 
a purplish powder, when dusted over the skin shows the presence of sweat by turning black. 

Quantitative estimations of sweating rate on small areas were made in the first test (Fig. 2) by 


 Weiner’s method (1945) suitably modified; in the second test (Fig. 3) by a method devised for the 


«purpose of this investigation. To eliminate variations in sweating rate due to acclimatization and to 
cfluctuations of environmenta] temperatures, two areas were marked on corresponding positions 
on either side of the body and the sweating rate was always determined simultaneously on both 
areas. The normal ratio of the sweating rates of the two areas having been found, one area was 
kept as a control and the effect of radiating the other was ascertained from variations in this ratio. 

The apparatus, designed by the author, is machined from Perspex and consists of a hollow 
cylindrical cover 1-5 cm. high and 5-0 cm. diameter which is placed, open end downwards, on the 
skin surface under test. A rod carrying a filter-paper (4-25 cm.) on a disk attached to its lower end 
passes through the upper surface of the cover and can be manipulated so that the filter-paper is 
held 0-5 cm. above the skin, or lowered into contact with it. The disk carrying the filter-paper is 
removable, and with a close-fitting lid, is weighed before and after sweat collection. 

Procedure. The sweating surface is blotted dry and the cover with disk and filter-paper attached 
{but minus the lid) is placed on the surface, with paper out of contact with the skin. After a 
measured interval, which depends on the rate of sweating, the filter-paper is pressed on to the skin 
for a few seconds, It is then removed and quickly covered with its lid. The increase in weight of 
the filter-paper assembly measures the sweat secreted from the time of blotting the skin to the 
instant when the filter-paper is removed. Because of phasic variations in sweat-gland secretion 
first noted by Kuno (1934), and investigated by Randall (1946), it has been found advisable to 
take the average of more than one (usually three) separate determinations as the final estimate of 
the sweating rate. 

Ultra-violet radiation. General radiation was administered from standard quartz mercury vapour 
lamps to back and front consecutively so as to produce a uniform third-stage erythema over a large 
proportion of the body surface. Kromayer contact lamps were used to produce sharply demarcated 
zones of erythema of diameter 3-75 cm. The degree of erythema obtained was the only measure of 
the quantity of radiation received. In most cases it was not practicable to give the subject a 
preliminary test dose, and the quantities administered were therefore arbitrary. Blister burns were 
not produced throughout these experiments and the resulting erythema was usually less severe than 
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RESULTS 
Effect of ultra-violet radiation in a hot wet (jungle) climate 

Two subjects (Mc. and An.) remained in the hot room for 75 min. on each of 
5 successive days. The daily routine included four spells of work totalling 25 min. 
(mean metabolic rate, 210 kg. cal./m.*/hr.). The average dry-bulb temperature 
(D.B.T.), wet-bulb temperature (w.B.T.) and air movement for all trials were 
91-6° F., 89-7° F. and 75 ft./min. respectively, corresponding to a basic effective 
temperature of 88-7° F. 


14 
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Fig. 1. Sweat losses and rectal temperatures of two subjects before and after general u.v. radiation 
which was applied at the arrows. Continuous lines, subject Mc.; broken lines, subject An. 


Both subjects were brunettes and had pale skins showing no sign of past 
exposure to U.V. radiation. Neither had been out of Britain nor had done 
much sun bathing. Three doses of u.v. radiation were given to each subject at 
the intervals indicated in Fig. 1, the relative strengths of the doses being 1: 1:2. 

The first and second exposures produced only faint reddening of the upper 
chest and back. After the last (increased) dose, a third-stage erythema “p- 
peared above the waist in both subjects. : 

The weight loss adjusted for fluid intake and urine voided, which is a recog- 
nized measure of sweat loss, had fallen by the fourth day after the commence- 
ment of radiation to 40% in the case of Mc., and to 37% in the case of An. of 
its preradiation value (Fig. 1). 

Neither rectal temperature nor pulse rate indicated any adverse effects of 
the reduction in sweating rate. There was, if anything, a tendency for the final 
rectal temperature and pulse rate, and for the increment in both these values 
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due to work, to fall throughout the week from the control value (Fig. 1). The 
subject Mc. complained of nausea during the third trial, but this was probably 
fortuitous. There was no evidence of alteration in subjective sensations through- 
out. The trials unfortunately had to be terminated before the minima of the 
curves, or the time to return to normal, were established. 


Effect of ultra-violet radiation in a hot dry (desert) environment 

The most pressing question raised by the above trials was: ‘Does radiation 
cause the same reduction of sweating rate in an environment where such a 
reduction, if it occurred, would be reflected in increased discomfort, poorer 
performance and hyperthermia?’ 

In an endeavour to answer this question, three young acclimatized soldiers 
were exposed for 155 min. in the nude in the hot room at 120° F. p.s.r., 
80° F. w.s.t. and 500 ft./min. air movement (basic effective temperature 
88-7° F.), for 6. successive days. Four spells of work were carried out lasting in 
all 70 min., and involving a mean energy expenditure of 109 kg. cal./m.*/hr. 
v.v. radiation was administered to two of the three subjects. The intervals and 
lengths of exposure were the same as those of the above experiment. 

Perhaps because of habituation from previous exposure, neither subject 
developed the degree of erythema anticipated. One of them, who showed a faint 
tan prior to radiation, did not desquamate, indicating that only a second-stage 
erythema had been achieved. No significant changes were obtained as the 
result of the radiation. The values of sweat loss for radiated and unradiated 
subjects over the 6 days were remarkably uniform, indicating a high degree of 
standardization of thermal conditions and work. 


Effect of two widely spaced exposures to ultra-violet radiation 
It is well known that white-skinned persons acquire a relative immunity as 


_ the result of exposure to U.V. rays in sun or lamp. The following trials show that 


the immunity produced by one exposure does not prevent a second fall in 
sweating rate after a further dose of U.v. radiation. 

Eight acclimatized subjects stayed in the hot room for 2 hr. 25 min. each 
day, during which period three spells of work of total duration 40 min. were 
performed (mean metabolic rate, 87 kg. cal./m.*/hr., pD.B.T. 92-8-96-3° F., 
relative humidity 98-100%, air movement 100 ft./min., basic effective tem- 
perature 91-0-95-5° F.). After the first trial five of the eight subjects were 
exposed to an U.V. lamp. On the fourth day thermal conditions were purposely 
made more severe by increasing the effective temperature by approximately 
4-5° F. After the eighth trial a second stronger dose of v.v. radiation was 
administered to the five subjects who had already been irradiated. 

To eliminate the effect of variations in room temperature from day to day 
the sweat losses of the radiated group have been adjusted (Table 1) to a common 
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mean value of the control group (Snedecor, 1946). The mean adjusted sweating 
rate fell from 1256 to 991 c.c. on the second day and to 956 c.c. on the third 
day (2 days after radiation). The fall on the second day was contributed to by 
all five subjects. The rise in temperature on the fourth day increased the thermal 
stress appreciably, and in some subjects the limit of tolerance was reached. As 
a result the adjusted mean sweat loss rose to the same value as on the first day 
(before radiation). This value was approximately maintained on the seventh and 
eighth days after a week-end break of 2 days. 


Tastz 1. Of second éxpoouts after the sweating rate had retumed to normal 
Sweat loss (c.c. per day) 


1 910 970. 800 940 1130 980 500 500 400 982 527 1256-1 
radiation 
2 820 820 1060 870 990 710 580 5090 912 630 901-4 
3 915 740 660 880 650 1000 70 550 440 788 583 
Increased 
temperature 4 1720 1490 1650 1700 1600 1000 830 810 1650 880 1256-9 
7 910 1190 0 910 1100 1000 710 400 430 996 543 1239-8 
8 1470 1130 1060 1600 1670 7530 150 680 # £1404 727 1300-0 
v.¥. radiation 
i) 945 1040 1000 1080 1360 1690 910 680 1252 966-6 


880 823 
10 «69925 (960 «6770 13810 1500 140 755 490 1108 662 11269 


* Effective temperature strictly applies to men wearing shorts (basic), and not to nude men. 
Air movement throughout 100 ft./min. 


Exposure to radiation on the eighth day again caused a fall in the adjusted 
mean sweat loss on the ninth day of the same order as on the second and third 
days. As before, the fall was shown by all five radiated subjects. 

As in previous experiments, no adverse effects were attributed to radiation. 
Pulse rates and rectal temperatures were higher on the fourth day due to the 
more severe thermal conditions, but the increase was of equal magnitude in 
both radiated and unradiated groups. One of the radiated subjects (Gr.) was 
unable to finish his last work period on the high temperature day; this subject — 
may have had a low tolerance to heat. After the second exposure to U.V. 
radiation sudamina occurred in four out of five radiated subjects on chest and 
back where erythema had been most severe. 


Statistical note. The mean of the adjusted sweat losses of the post-radiation days 2, 3, 9 and 10 
is 1010 c.c. and that of the remaining days 1, 4, 7 and 8 is 1263 c.c. The difference between these 
means (253 0.0.) is 5-56 times its standard error (45-5 c.c.). The difference is therefore significant 
(P<0-01). It’has also been noted that after exposure to radiation on both occasions, a fall in 


in 2° or 32 times (P <0-03). 


effective Radiated subjects Control subjects Adjusted 
Day (° F.) Cr. Da. Mu. Gr. Br. We. Jr. Bi radiated contesl radiated 
; Exposure to U.v. radiation between days 1 and 2 and between days 8 and 9. Increased temperature on day 4. 
The adjusted mean sweat losses are corrected for changes in the control group caused by environmental temperature 
variations from day to day. 
) sweating rate was shown by all five persons. This would only occur as the result of chance once 
| 
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Local radiats 


Fig. 2 shows the ratio of the sweating rates of control and radiated areas in 
two subjects (Cu. and Bo.) exposed to a hot wet atmosphere (D.B.T. 91-6° F., 
w.B.T. 89-7" F., air movement 75 ft./min., basic effective temperature 88-7° F.) 
before and after v.v. radiation (4 min.). Before radiation the ratio of the 
sweating rates of A to B test areas on the chest was for subject Cu., 1-24 and 
Bo., 1-09. The marked areas A of both subjects were radiated and the ratio of 
radiated to control areas (A/B) fell on succeeding days, reaching 0-35 in the 
case of Bo., and 0-22 in the case of Cu., on the fourth and fifth day respectively. 

As a further check, two other areas (' and D were marked out above areas 
A and B on the third day of the experiment. The ratio of the sweating rates of 
C to D agreed (within 15%) with that previously found for A to B in both cases. 


Ratio of sweating rates 


Time in days 


Fig. 2. The graphs show the ratios (4/B and C/D) of the weights of sweat produced simultaneously 
on two pairs of equal areas (A, B, and C, D) in each of two subjects (Cu. and Bo.). At the 
solid arrow U.vV. radiation (Kromayer) was applied for 4 min. to area A of each subject, at the 
dotted arrow to area D of subject Bo. Continuous lines, subject Cu.; broken lines, subject Bo. 


Radiation of similar intensity was then applied to area D of subject Bo. The 
ratio C/D was found to be increased on the following day, showing again de- 
pression of the sweating rate on the area D. Each point on these graphs is an 
average of at least four consecutive estimations. 

The data given in Fig. 3 from another subject provides evidence that the 
wave-lengths of the radiation which cause the diminished sweating are in the 
region of the long v.v. and are therefore probably present in sunlight. Environ- 
mental temperatures were sufficiently high to cause brisk sweating; they were 
otherwise not controlled. Observations were continued for a longer period 
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(18 days) to find if, and when, the sweating rate became normal again. In this 
case, Chance’s glass filter (OXI) transmitting mainly the long v.v. between 
3000 and 4000a. and having a fairly sharp cut-off at 30004., was interposed 


between the Kromayer lamp and the skin, and the time of exposure (15 min.) 


was increased so as to give the usual degree of erythema. The visible changes 
were third-stage erythema which began to appear after about 3 hr. This was 
succeeded by pigmentation which appeared to predominate over the erythema 
about the fifth day. Sudaminous vesicles were noted at the seventh day 
accompanied by peripheral desquamation which gradually extended and was 
complete at the eleventh day. The sweating rate on the radiated area reached 


Time in days 
Fig. 3. Ratios (A/B) of the weights of sweat produced simultaneously on two adjoining areas 
(A and B) of equal size. At the arrow area A was radiated for 15 min. through a Chance’s 
filter OXI. 


@ minimum (23% of the pre-radiation value) between the second and third day 
after radiation and then slowly returned to normal after the tenth day. Using 


Minor’s method or quinizarine, a qualitative reduction in sweating after radia- 
tion was demonstrated in at least six other cases. 


DISCUSSION 
In a hot wet (jungle) environment where more sweat is produced than is 
required for evaporative heat loss, u.v. radiation caused a reduction in the 
sweating rate. In a hot dry (desert) environment with high air movement such 


_ as that of the second experiment where the exposed skin was dry in spite of 


a high rate of sweating, indicating that the evaporation of large quantities of 
sweat was necessary for heat dissipation, no reduction of sweating occurred as 
the result of radiation. . 
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Since there were no adverse effects on the ability to tolerate heat in any of the 
above trials, it might be concluded that any reduction caused by radiation was 
at the expense of the wasted sweat only. Radiation would then be beneficial 
since it would minimize losses of water and, presumably, of salt. It might also 
be expected to reduce the incidence of prickly heat which is said to be favoured 
by unevaporated sweat in clothing. Another explanation must however be 
considered. In an extensive study, O’Brien (1947) has shown that a high pro- 
portion of the total sweat glands must be out of action before symptoms of 
undue heat retention appear, presumably because the unaffected glands have 
a marked capacity to compensate by hyper-secretion. The maintenance of 
normal sweating rate in the hot dry environment may have been due to over- 
activity of glands which remained unaffected either in the radiated areas, or in 
zones which received no direct radiation. Support for this theory is offered by 
the studies on small radiated areas where the reduction of sweating was found 


to be independent of temperature, and within the limits examined, of the 


humidity of the environment. The curve of sweating ratios (Fig. 3) is uniform 
in spite of wide variations in the subject’s sweating rate. 

The results obtained with local radiation confirm those obtained with general 
radiation. After a single exposure to radiation the sweating rate falls to a 
minimum on the second or third day, then rises more slowly to normal. The 
extent of the reduction, and the time taken to return to normal, are probably 
proportional to the severity of the radiation. | 

It has not yet been proved directly that natural sunlight can cause reduced 
sweating. It has been shown above, that the wave-lengths of the radiation 
causing the reduced sweating are probably greater than 2950 a., and are therefore 
present in sunlight. Further evidence that sunburn and v.v. erythema are 
alike in this respect was provided by the occurrence of a widespread eruption 
of sudaminous vesicles in a subject in the hot room after a 3 or 4 hr. exposure 
to the summer sun. | 

The belief implicit in the name ‘sunstroke’, that the sun’s radiation caused 
hyperpyrexia by penetrating to the brain or spinal cord has rightly been dis- 
carded. It is hoped to explore later the possibility that exposure to the sun, 
followed by defective sweating, may be a factor in the causation of some cases 
of heat stroke. 

SUMMARY 

1. In a hot wet environment general ultra-violet radiation in moderate 
erythemal doses produced, in seven persons acclimatized to heat but not to 
radiation, up to 60% diminution in sweating rate on the second or third day 
after exposure. 

2. In two subjects similarly irradiated and exposed to a hot dry environment 
and high air movement there was no change in overall sweating rate as the 
result of radiation. 3 
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3. With the quantities of radiation administered and at the temperatures of 
the trials there were no significant changes in the subjects’ pulse rates or rectal 
temperatures. 

4. After recovering from the dyshidrosis caused by one exposure to radiation, 
a second exposure produced a further fall in sweating rate in the same persons. 

5. A technique is described for assessing the effect of drugs and other 
treatments on the sweating rate of small areas of skin. 

6. The reduction of sweating rate which occurs after general ultra-violet 
radiation has been confirmed using methods for the estimation of sweating 
rates over small areas of irradiated skin. The wave-lengths causing the reduc- 
tion in sweating rate are probably present in natural sunlight. 
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THE CAUSE OF CHANGES IN SWEATING RATE 
AFTER ULTRA-VIOLET RADIATION 


By M. L. THOMSON 


From the National Hospital, London, and the Department of 
Experimental Psychology, University of Cambridge 


(Received 9 December 1949) 


In a previous paper (Thomson, 1951) it has been shown that ultra-violet (v.v.) 
radiation causes a reduction in the total sweat loss of subjects generally 
irradiated and in the sweating rate of small areas of skin locally irradiated. 
During the course of the above investigation certain inferences were drawn as 
to the cause of the reduction in sweating; e.g. it was noted that a vesicular 
eruption (sudamina) occurred after both local and general radiation, indicating 
that blockage of the mouths of sweat gland ducts was at least partly responsible 
for this reduction. | 

This paper reports further work carried out to elucidate the pathogenesis of 
the changes in sweating after radiation. | 


METHODS 


In most of the experimental work reported in this paper, a method previously described (Thomson, 
1951) was used to determine quantitatively the sweating rate of small areas of skin. The ratio of 
sweating rates of two areas on the same person was found, and subsequently one of these areas 
was used as a control, while the other was submitted to various experimental procedures, For 
convenience the ratio of sweating rates of test to control areas was called the ‘sweating ratio’. 
These quantitative results were verified in most experiments by the use of Minor’s (1927) method. 
Iontophoresis was carried out by the technique of Montgomery, Holling & Friedland (1938). 


RESULTS 

Sudamina or crystallina caused by radiation. Sudamina is described as an 
eruption in the stratum corneum of small, non-inflammatory vesicles con- 
taining sweat; the vesicles communicate directly with the sweat glands. This 
condition occurs in the course of many acute infectious diseases (e.g. pneumonia, 
or acute rheumatic fever, or in the moribund, in which cases it is of little 
importance and requires no treatment). The rash appears suddenly on any part 
of the body or face, but is most commonly found on the chest or neck. i 
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In the experiments with exposure to v.v. radiation, the condition was first 
noticed on a small area of skin which had been irradiated 5 days previously 
when general thermal sweating was induced in the hot room. Thin-walled 
vesicles rapidly formed under the desquamating layer of corneum and tended 
to become confluent as sweating proceeded. Other persons showed widespread — 
vesicles on all exposed surfaces at a similar interval after general U.v. radiation. 
Pl. 1, figs. 1 and 2, shows a similar generalized eruption of sudamina after 
exposure to natural sunlight. The condition is, in fact, reproducible in most 
subjects in a hot rdom by administering a dose of v.v. radiation from sun or 
lamp sufficiently strong to cause subsequent desquamation. | 

In most cases the vesicles were thin walled and were readily broken by contact 
with any solid object, and indeed the continuing pressure of sweat would 
normally be sufficient to burst the vesicles. In some cases, however, notably 
the area of the skin shown on Pl. 1, fig. 2, the necrosed layer of corneum was 
thicker, and the vesicles lasted for 2 or 3 days despite brisk towelling and the 
pressure and friction of clothing. 

It is necessary to differentiate between sudamina and thermal blister burns. 
The sweat-filled vesicle in sudamina is more superficial; it appears at a longer 
interval after injury (2-4 days, as compared with 2-4 hr.), and only in con- 
junction with visible sweating elsewhere. In the vesicle fluid from sudamina 
protein is absent (negative heat coagulation and salicyl sulphonic acid tests), no 
cells are present and the chloride content is that of sweat (0-2-0-3°%/, as NaC)). 
Thermal blister fluid approximates more to plasma in composition. It gives 
a heavy coagulum of protein with heat or salicyl sulphonic acid and may on 
occasion clot. Its chloride content is equivalent to 0-6 NaCl and poly- 
morphonuclear cells (8-12 per high power field) are present, together with an 
occasional erythrocyte. 

Histological examination of radiated skin. A biopsy specimen was obtained 
from a subject who had been locally irradiated 3 days previously (subject Cu., 
Thomson, 1951), and included skin from the erythematous and adjoining 
unradiated areas. 

The unradiated part was apparently normal (PI. 1, fig. 3). In the erythematous 
part the lymphatics of the dermis were infiltrated with lymphocytes, and a 
great many polymorphonuclear cells lay in the capillaries and small vessels. 
The superficial layers of the epidermis were necrotic with pyknotic nuclei and 
homogeneous cytoplasm, and in some places the underlying healthy zone was 
very thin, consisting of only one or two layers of cells. No mitoses were seen in 
the epidermis. 

So far as is known, the following findings have not been described previously 
in relation to U.V. radiation. While in some cases the eccrine sweat gland ducts 
were followed through in serial sections, no evidence could be found of a patent 
channel through the superficial damaged layer of the corneum. PI. 1, fig. 4, 
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shows a section of one of these ducts, and it will be seen that the keratin ring 
surrounding the coil of the duct nearest to the surface is occluded. Structurally 
this resembles the early stage of sweat duct closure in prickly heat as described 
by O’Brien (1947). 

Pl. 1, fig. 5, shows a neighbouring sweat gland duct with the damaged layer 
of the epidermis raised slightly in the region of the duct orifice. Although 
vesicle formation had not been noted visually on this area, it is apparent that 
a vesicle of the same nature as sudamina had been in process of formation. The 
sweat gland duct was occluded near its orifice, and sweat from the still func- 
tioning gland had forced apart the damaged layer from the remainder of the 
epidermis. In its epidermal portion the lumen of the duct is dilated and the 
lining cells are flattened as though from sweat under pressure. The dilatation, 
which extends right up to the superficial necrosed layer, is as great as that found 
by O’Brien (1947) in thermal anhidrosis after complete blockage of sweat 
ducts. The related sweat gland acinus appears normal. 

A similar picture of superficial occlusion was found in a biopsy specimen of 
another subject taken from an area (flexor surface, forearm) which had been 
radiated 5 days previously, where defective sweating had already been 
demonstrated by Minor’s test. 

A third specimen was also obtained from the scapular area of one of the 
subjects who had shown no reduction of sweating in a hot dry environment 
(Thomson, 1951; second series of trials). Signs of radiation damage were 
minimal and no abnormality was found in the sweat ducts. 

Effect of other skin traumata on the sweating rate (mustard plaster). Lewis 
(1927) has shown that there is a similar sequence of events (the triple response) 
in many forms of skin injury including that caused by v.v. radiation. He 
believes that these changes are caused by the liberation in the skin of a hista- 
mine-like substance in response to the injury. It was therefore decided to 
compare the effect on the sweating rate of another variety of trauma with that 
of radiation. 

Text-fig. 1 shows the effect of applying a mustard plaster (allyl isothio- 
cyanate) to a skin area, whose sweating rate relative to that of a control area 
had previously been ascertained. In this case, erythema developed rapidly 
(within an hour), oedema was noted on the second day, desquamation began 
about the fifth day, and was complete by the seventh day. The sweating rate of 
the experimental area, as compared with that of the control area (sweating 
ratio) fell on the third day to a quarter of the value obtained before application 
of the mustard. On each day thereafter the rate of sweating rose, approaching 
the control value on the tenth day after application of the injurious agent. The 
observations on which the interrupted line-curve in Text-fig. 1 is based were 
made after sweating had been in progress for at least an hour. On some days 
observations were made within the first half hour of sweating, and these Pee: 
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form the continuous line-curve in Text-fig. 1. This curve descended more 
slowly than the other, and joined it between the third and sixth days, after 
which the two rose together. 


06 


Ratio of sweating rates eryth 


Time in days. 


Text-fig. 1. The effect of mustard oil on rate of sweating. The graphs are ratios (A/B) of the quan- 
tities of sweat produced simultaneously in 9 min. from two equal areas of skin A and B: 
@——@,, in the first } hr. after the onset of sweating each day; x - - - x , after 1 hr. of con- 
tinuous sweating. Mustard oil was applied for 45 min. to area A at the arrow. 


Taste 1. Effect of iontophoresis with histamine on the sweating rate 


Weight of sweat (mg.) A 


Left arm Right in 
Right arm (control) Left 

Before histamine 50 $86 
43 31 

Total 93 67 1-39 
After histamine 17 22 
26 32 
34 40 

Total 77 94 0-82 


The weights of sweat were obtained simultaneously over the same interval (total 9 min.) from 
two equal areas on the right and left arms. Histamine was applied to the right arm only. 


The effect of iontophoresis with histamine. In view of the similarity of the 
reactions caused by histamine and other forms of skin trauma, it was decided 
to find whether histamine alone would cause reduced sweating. A solution of 
histamine acid phosphate (0-1 °%, w/v) was applied by iontophoresis (10 min. at 
6 mA. and 51 V.) to an area of skin after its sweating rate relative to that of 
a control area had been ascertained. There was very obvious oedema (which 
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lasted for 2 or 3 hr.) on the treated area, with the exception of a 5-day-old patch 
of u.v. erythema which had been inadvertently covered by the electrode. This 
area was refractory to the histamine, and showed a complete and stnking 
absence of oedema (Lewis, 1927). The sweating ratio fell in the first 20 min. 
after iontophoresis from 1-39 to 0-82 (Table 1). 

The effect of iontophoresis with acetylcholine and acetyl-B-methylcholine on 
areas of ultra-violet erythema which showed marked diminution of sweating. The 
3-day-old irradiated area on the chest of the white subject (Text-fig. 2), which 
showed a markedly reduced sweating ratio from a normal of 1-10 to 0-22, was 
treated by iontophoresis with 2°% (w/v) solution of acetylcholine hydrochloride 
under 51 V. for 5 min. at 14mA. Before the iontophoresis was terminated, 
sweating and hyperaemia began to appear for an inch or so beyond the edge of 
the electrode, while still in the comparative coolness of the antechamber (75° F.). 
On entering the hot room there was markedly enhanced sweating on a roughly 
circular area of 5 in. diameter, extending up to, but excluding, the radiated 
area which showed no sweat drops and appeared to be more or less dry. The 
sweating ratio on the radiated area was now found to be 0-19, or the same 
substantially as before the acetylcholine was administered. 

This experiment was repeated on a 4-day-old erythematous area on another 
subject using acetyl-8-methylcholine chloride (0-3°% w/v) for 6 min. at 20 mA. 
under 51 V. The same very profuse sweating was observed over the zone of 
application of the drug, but not on the erythematous area. The sweating ratio 
which had been 0-93 prior to radiation, was 0-55 before and 0-84 after ionto- 
phoresis (Table 2). 

TasLE 2. Effect of iontophoresis with acetyl-p-methylcholine on skin showing 
reduced sweating as the result of previous U.V. radiation 
Weight of sweat (mg.) 


After radiation 
Before After 
Before Bmethy hyl- pomethyl. 
radiation choline 
Area No (day 1) (day 4) 4) (day 4) 
Left chest 1 26 38 54 
2 62 25 40 
3 32 23 28 
Total 120 86 122 
Right chest l 34 53 67 
ilies 2 55 48 40 
3 41 54 38 
Total 130 155 145 
Left 0-93 0-55 0-84 
Av. Right ht 


Three simultaneous pairs of sweat collections were made on two equal areas of skin over the 
same time (total 9 min.). Radiation and acetyl-f-methylcholine were applied to the area on the 
left side of the chest only. 
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Since neither acetylcholine nor acetyl-8-methylcholine was applied to the 
control areas in the above experiments, two comparisons were possible: (1) a 
quantitative comparison between the sweating rate of normal untreated skin 
(control areas) and that of the radiated areas before, and after, application of 
the drugs; and (2) the observed comparison between the sweating rate of normal 
and radiated skin, both under the influence of the drugs. The quantitative 
comparison (probably invalid in the case of acetylcholine because of its short- 
lived action) showed that acetyl-8-methylcholine produced a rise in sweating 
rate on the radiated area. The observed contrast between the profuse sweating 
caused by acetylcholine and acetyl-8-methylcholine on normal skin, and the 
almost dry condition of radiated areas was, however, so marked as to establish 
beyond question that. sweat glands in the erythematous areas were relatively 
insensitive to both drugs, or alternatively that any increase in secretory pressure 
caused by the drugs was insufficient to force sweat to the surface of the 
skin. 


It is known that drugs most readily pass the skin barrier via the appendages 
(Calvery, Draize & Lang, 1946). It might, therefore, be argued that the acety!- 
choline and acetyl-8-methylcholine did not penetrate to the sweat-secreting 
epithelium of the radiated skin in the above two cases because of occlusion of 
the sweat ducts. It has been pointed out, however, that profuse sweating 
extended about 2-3 cm. beyond the edge of the electrode, and the influence of 
the drugs would similarly be expected to spread along the skin towards the 
centre of the erythematous area, which was about 4 cm. in diameter. Since the 
non-sweating zone was sharply limited to the erythematous area, it was 
concluded that either the sweat glands were relatively refractory to the drugs, 
or that many of the ducts were blocked. — 

Comparison between a black (negro) and a white skin as regards the effect of 
ultra-violet radiation on the sweating rate. Text-fig. 2 shows the sweating ratios 
of skin areas on a West African and a white subject before and after exposure 
to identical doses of v.v. radiation from a mercury-vapour lamp. The white 
subject had been exposed to radiation in the form of sun-bathing for many 
hours in preceding weeks, and showed definite tanning of his skin. 

The white skin developed the usual sequence of changes from erythema, with 
slight oedema and hyperaesthesia, to pigmentation and desquamation. The 
black skin showed at least as much oedema as the white skin on the day following 
radiation, and perhaps because of this, was paler than the normal surround. 
Desquamation began in both cases on the fourth day; sudamina was not 
observed in either subject during the course of the experiment. The sweating 
ratio of the white skin fell from 1-10 to 0-52 on the second day after radiation, 
and to 0-22 on the third day. The sweating ratio of the black skin showed an 
insignificant reduction from 1-02 to 0-82 on the first day, was 0-89 on the second 
day, and 0-95 on the third day. Although the black skin reacted visibly to 
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radiation in much the same way as the white skin, it appeared to be more 
protected as regards fall in sweating rate. | 

Sweating rate of an irradiated area still reduced after complete desquamation. 
A radiated area (} min. Kromayer lamp) which had shown reduced sweating 
on the fourth day had almost completely desquamated by the sixth day. It 
was demonstrated by Minor’s (1927) method that the desquamated area still 
sweated less than the adjacent normal skin. 
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Text-fig. 2. Sweating rates of negro and white skins after the same exposure to radiation. White 
skin, QO - - -© ; negro skin, @———@ ; after iontophoresis of acetylcholine (day 4), x. Radiation 
was applied at the arrow. | 


No evidence of a direct effect on the sweat-gland acini. A layer of loose skin on 
the forearm was elevated and held above the surface by two strong paper 
clips. A Kromayer lamp was then applied to one side of the elevation. When the 

‘clips were removed the result was a roughly circular area of skin, one half of 
which had received an erythemal dose of radiation, and the other half only such 
)  fadiation as would pass through the whole thickness of skin plus an indeter- 
minate layer of subcutaneous tissue. Erythema with reduced sweating 
(Minor’s method) developed only on the segment which had received direct 
radiation. Apparently the v.v. radiation did not penetrate to a sufficient depth 
| to affect noticeably the acini of the sweat glands of the other segment. 


DISCUSSION 


The diminution in sweating rate after radiation may have been caused by any 
or all of the following; (a) blockage of the sweat-gland ducts, (6) failure of 
secretion of the sweat glands, (c) reduced thermal stimulus to sweating. 
Blockage of the sweat-gland ducts. The occurrence of sudamina in many of the 
| cases described in this report constituted definite evidence of occlusion of the 
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mouths of the sweat ducts in the necrosed layer of desquamating epithelium. 
This was confirmed by histological examination of radiated skin. Superficial 
occlusion was indicated by dilatation of the epidermal portion of the sweat- 
gland ducts with flattening of the lining cells. 

It has been suggested that the oedema which follows v.v. radiation might 
have caused mechanical obstruction of the sweat gland ducts at a deeper 
level. Diminished sweating, however, persisted after all visible oedema had 
subsided. The oedema in the negro skin was not accompanied by significant 
depression of sweating, and the change in sweating rate on an area of massive 
histamine oedema was small compared with that after U.v. radiation or mustard- 
oil injury. Moreover, this explanation was rendered unlikely by the histological 
findings that dilatation of the sweat-gland ducts extended right up to the 
superficial layers of the epidermis. 

Failure of secretion of the sweat glands. Positive evidence of diminution in 
the actual secretion of sweat in these cases is lacking, but the following observa- 
tions support this theory. The secretory pressure of the sweat glands is said to 
be high; Best & Taylor (1945) give a value of 240 mm. mercury. In thermal 
anhidrosis (O’Brien, 1947), and in atopic dermatitis, ichthyosis and seborrheic 
dermatitis (Sulzberger, Herrmann & Zak, 1947) where the sweat glands are 
active and their ducts are occluded, vesicles or papules accompanied by pruritus 
usually appear when sweating commences. Such elevations were not seen at 
the time of minimum sweating after radiation or mustard-oil injury, nor did 
they occur on application of acetylcholine. Rupture of the sweat ducts, which 
has been shown by O’Brien (1947) to occur in thermal anhidrosis, was not 
noted in any of these cases. Only one subject complained of pruritus. In view 
of the lack of response of radiated skin to locally applied acetylcholine, it is 
interesting that in idiopathic heat stroke (Hearne, 1932) and also in thermogenic 
anhidrosis (Wolkin, Goodman & Kelley, 1944) the parasympathomimetic drug 
pilocarpine did not cause visible increase in sweating. A less regular return to 
normal of the curve of reduced sweating (Thomson, 1951) might be expected if 
superficial blockage were the only cause, since the obstructing layer of damaged 
epidermis usually comes off, or is removed, in large pieces. It has been shown 
above that the sweating rate does not return to normal after complete des- 
quamation of one layer. There is, therefore, indirect evidence that the secretory 
pressure of sweat is diminished by v.v. radiation; some possible causes for this 
are now discussed. 

X-rays suppress the function of sweat and sebaceous glands by direct action 
on the secreting cells or by interfering with their blood supply (Jadassohn, 
1929; Borak, 1936). The action of X-rays is more drastic than v.v. rays, and 
readily leads to permanent anhidrosis, with complete disappearance of gland 
tissue after a strong dose. In the case of u.v. radiation any damage sustained 
by the secreting epithelium is unlikely to be caused by direct action, since, 
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apart from the inconclusive experiment described above, there is overwhelming 
evidence against penetration of such radiation to the depth at which the sweat- 
gland acini are situated (Blum, 1945; Lacassagne, 1945). 

The similarity between the effects of mustard oil and v.v. radiation suggests 
that diminished sweating should perhaps be listed along with Lewis’s (1927) 
other signs of skin injury. The behaviour of skin subjected to very large doses 
of histamine did not, however, support the theory that an H-like substance 
was responsible for this particular effect. The diminution in sweating rate 
produced was much less than had been anticipated, and may have been caused 
by mechanical obstruction due to the massive histamine oedema, 

Although little is known about the blood supply to the corium of erythematous 
skin, it is thought unlikely that the blood flow to the sweat gland acini was so 
reduced as to impair sweat secretion. Kuno (1934) has shown that complete 
occlusion of the artery to a limb must be maintained for 20 min. or so before 
a significant reduction in sweating rate takes place. It is reported that ob- 
literative vascular disturbances, e.g. Raynaud’s or Buerger’s disease, have little 
influence on sweating (Burch & Sodeman, 1944). Sheard (1935) believes that 
the blood flow to the skin is increased after radiation. This increase is thought 
by Laurens & Foster (1937) to explain the diminished temperature gradient 
found by these authors in radiated skin between the surface temperature and 
that of deeper layers (16 mm.). 

It is therefore concluded that the secretory pressure of sweat is more likely 
to have been affected by diffusion of toxic products from the injured epidermis 
than by direct action of the radiation, or by alterations in blood supply to the 
glands. 

rendered erythematous by v.v. radiation at ordinary environmental tempera- 
tures may be as much as 2-4° C. (4-3° F.) higher than that of normal skin close 
by (Koch, 1947). This would have the effect of favouring heat loss to an en- 
vironment of which the temperature was lower than that of the skin, and might 
have resulted in a less than normal stimulus to sweating. The extra heat lost in 
this way would, however, be inappreciable or absent under the conditions of 
these trials where the gradient between the skin and surroundings was small. 
In any case, the slight response obtained to the strong dose of acetylcholine 
appears to rule out the possibility that changes in the temperature gradient 

play other than a minor role in causing diminished sweating after radiation. 


Racial differences in susceptibility to ultra-violet radiation 
, Hausser & Vahle (1927) found that ten times as much radiation was required 
to produce the same degree of erythema in a Togo negro as in white persons. 
The results obtained above suggest that the negro skin is protected in some way 
against the effect of u.v. radiation on the sweating rate. 
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In view of the alleged secondary role played by melanin in conferring protec- 
tion against v.v. radiation it has been difficult to demonstrate that the skin of 
the coloured races equips them better than that of the white races for life in 
the tropics. There is no significant difference in the temperature gradient of 
white and negro skins when submitted to infra-red rays (Laurens & Foster, 
1937). Guillaume (1926) and Miescher (1930) have shown that relative in- 
sensitivity to U.v. radiation is mainly acquired by thickening of the corneum. 
Negro skins might therefore be expected to have thicker horny layers, but 
Miescher (1931) found no constant difference between the two races in this 
respect. The black skin is apparently at a disadvantage in that it absorbs a 
greater proportion of heat rays and reflects less than a white skin (Martin, 
1930). On the other hand, the coloured races have a larger number of sweat 
glands (Glaser, 1934) and sebaceous glands (Homma, 1926) per unit area of 
skin than white races, and the individual glands are said to be larger (Daubler, 
1900). It has also been shown by Miescher (1931) that even after long residence 
in a temperate climate, the melanin in an Ethiopian’s skin is not confined to 
the melanoblasts in the basal layer as it is in the skin of unhabituated white 
persons. It is distributed plentifully throughout all layers up to the corneum 
affording protection to the prickle cells which otherwise would sustain 
direct damage from v.v. light. It appears probable that these differences 
in pigmentation account for the relative insensitivity of a negro’s sweat 
function to the effects of u.v. radiation. 


SUMMARY 

1, The vesicular rash found in many subjects after ultra-violet radiatior. 
provided evidence that blockage of sweat gland ducts was at least partly 
responsible for the diminished sweating which followed the radiation. The rash 
was identified as sudamina or crystallina. Occlusion of a proportion of the 
sweat-gland ducts in radiated skin was confirmed histologically. 

2. Blockage of sweat-gland ducts, however, appears not to be the sole 
factor responsible for the decreased sweating. Indirect evidence, in fact, 
suggests that the secretion itself is reduced. Since it is unlikely that the ultra- 
violet rays have penetrated to the sweat glands and impaired their function, it 
is suggested that the reduced sweat secretion is brought about by toxins which 
have diffused from the injured epidermis. 

3. The skin injury produced by mustard oil also caused a fall in sweating 
rate similar in extent and duration to that produced by v.v. radiation. The 
slight reduction of sweating rate caused by locally applied massive doses of 
histamine suggested that the above effect of U.v. radiation and mustard oil was 
not mediated through the release of an H-like substance. 

4. Acetylcholine and acetyl-8-methylcholine locally applied did not cause 
a return to normal of the sweating rate after radiation. 
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5. The skin of a negro showed no significant alteration in sweating rate 
after a dose of radiation which caused marked reduction of sweating in a white 
skin. 


My thanks are due to the Medical Director General of the Navy, Prof. G. L. Brown, Dr E. A. 
Carmichael and Prof. Sir Frederic Bartlett for permission to use the hot rooms and subjects at the 
National Hospital, W.C.2, and at the Department of Experimental Psychology, Cambridge. 
Dr Greenfield of the National Hospital kindly prepared and reported on the biopsy material. 
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EXPLANATION OF PLATE | 


Fig. 1. Sudamina on the chest (near the nipple) after exposure to the sun in England. 

Fig. 2. Sudamina on the skin after exposure to the sun in England. In the area indicated the 
vesicles are discrete; elsewhere they are coalescing with separation of the injured layer of 
epidermis. | 

Fig. 3. A normal sweat-gland duct from the non-irradiated half of the same biopsy specimen as 
D and E. ( x 320.) 

Fig. 4. Skin of chest showing extensive injury to the epidermis 3 days after radiation. The super- 

- ficial coil of the duct (a) appears to be blocked. ( x 320.) 

Fig. 5. From the same section as fig. 4. The damaged layer of the epidermis has been raised 
forming a vesicular space (sudamina). The lumen of the duct is enlarged and its lining cells 
are flattened. ( x 320.) 
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EFFECTS OF SEVERE ASPHYXIA ON THE KIDNEY 
AND URINE FLOW 


By K. J. FRANKLIN, L. E. MoGEE ann E. A. ULLMANN 


From the Department of Physiology, St Bartholomew’ s 
Hospital Medical College, London, E.C.1 


(Received 21 January 1950) 


The object of this research was to supplement the information already obtained 
(Franklin, 1950; Franklin, McGee & Ullmann, 1949) in preliminary studies of 
anoxic diversion of the renal cortical blood flow. In particular it was wished: 
(1) to determine the effective stimulus; (2) to elucidate the mechanisms in- 
volved; (3) to see if there was any relationship between the renal changes and 
variations in systemic arterial blood pressure; @) to determine concomitant 
variations, if any, in the urine flow. 


METHODS 


Rabbits, anaesthetized with intravenous sodium pentobarbital (30 mg./kg. body weight) sup- 
plemented by minimal ether, were used throughout the research. In the majority of experiments 
the left kidney, freed from adipose and connective tissue, was brought to the surface through a short 
lumbar incision, the peritoneum remaining intact and the rena] pedicle undamaged. Kidneys so 
exteriorized remained in excellent condition throughout experiments lasting up to 6 or 7 hr. 

Gas-mixtures of known concentration were administered through a flap valve with a small dead 
space, connected to the tracheal cannula. 

The carotid blood pressure was recorded in many experiments. 

Blood samples were taken from the carotid artery after administering heparin, and were analysed 
in Van Slyke’s manometric apparatus. 

When urine flow was recorded, one or both ureters were catheterized retroperitoneally with 
polythene tubing (0-5 mm. diameter) and the catheters connected separately to horizontal, cali- 
brated tubes of narrow bore. The positions of the fluid menisci in these latter were noted at 10 sec. 
intervals. 

As a permanent record of the typical asphyxial changes a 16 mm. colour film (Anoxic diversion 
of the renal cortical blood flow, Part II; Oxford: Blackwell Scientific Publications Ltd.) was made 
with the technical help of Mr Douglas Fisher; colour photographs were also taken of individual 
stages. For routine work the visual changes were either timed and recorded in the protocol, or 
else signalled on the blood pressure or urine flow tracings. 


RESULTS 
The visible changes occurring in the kidney after occlusion of the tracheal 
cannula have been described elsewhere (Franklin e al. 1949). To recapitulate 
briefly, the kidney surface first becomes cyanosed, later wrinkled. This stage 
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is followed by paling, patchy at first but rapidly becoming uniform. Wrinkling 
usually occurs some 35-45 sec. after occlusion, paling 5-10 sec. later ; the changes 
are maximal at 50-60 sec., at which time the kidney is visibly shrunken, and 
its surface ‘dead white’ and thrown into deep folds. Within about 15 sec. of the 
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Fig. 1. Diagrams showing the relation between the percentage of oxygen in the inspired air and 
the occurrence of renal blanching. (a) Each black area represents the ‘critical range’ for 
a different animal. The right-hand edge of each area indicates the lowest concentration of 
oxygen which caused no change; the left-hand edge the highest concentration of oxygen which 
produced definite blanching. (b) The ‘mean’ critical values, i.e. the mid-points of the critical 
ranges illustrated in fig. la, are given by the right-hand limits of the black areas which, in 
this diagram, represent the oxygen percentage in the mixtures breathed when blanching 
occurred. (c) In twenty-one animals out of twenty-six renal blanching was produced by 
breathing mixtures containing between 7 and 11% oxygen in nitrogen. 


| 
reopening of the tracheal tube, the kidney surface flushes and thereafter 
quickly recovers its normal colour; the wrinkling, on the other hand, persists 
for a further 60 sec., or longer. The whole cycle can be repeated many times at 
short intervals with fairly constant time relationships in the same animal. 
Precisely the same sequence of changes (though with an altered time course) 
was observed whenever an animal was made to breathe a gas mixture con- 
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taining a low percentage of oxygen in nitrogen, or a high percentage of carbon 
dioxide in oxygen, except that in the latter case there was no cyanosis. Anoxia 
or hypercapnia thus caused a diversion of blood from the renal cortex. 

Anoxia. The degree of anoxia necessary to produce blanching of the kidney 
surface varied from animal to animal, but in all instances was high. Fig. 1 
shows the results obtained by the administration of gas mixtures containing 
low percentages of oxygen in nitrogen. The black areas in Fig. 1a represent the 
ranges between the lowest concentration of oxygen which produced no change 
and the highest concentration of oxygen which produced definite blanching in 
any animal. The ‘mean’ critical value for oxygen in the inspired air, i.e. the 
mid-point of each individual range (Fig. 15), lay between 5-5 and 11% in 
a series comprising twenty-six animals; in half of them it was between 7 and 
9% (Fig. 1c). 


0 10 20 30 40 50 60 70 80 90 100 0 1700 720 «#4140 «#160 
Percentage oxygen saturation Percentage of resting carbon dioxide 
of arterial blood content of arterial blood 
Fig. 2. Fig. 3. 


Fig. 2. Showing ‘mean’ critical values for arterial oxygen saturation. Blood samples taken with 
the animal in equilibrium with the lowest ineffective and highest effective concentration of 
oxygen in.the inspired gas gave ‘mean’ critical values of between 30 and 55-5 % saturation. 

Fig. 3. Showing ‘mean’ critical values for arterial carbon dioxide content. These were found to lie 
between 116 and 160% of the resting carbon dioxide content, for which the respective values 
were, from above downwards, 56-2, 46-4, 42-8, 50-2, 43-0, 33-3 and 41-0 ml. CO,/100 ml. blood. 


Blood samples, taken with the animal in equilibrium with the highest 
effective and the lowest ineffective oxygen mixture respectively, showed mean 
critical values of between 30 and 55-5%, arterial oxygen saturation: in half of 
the animals of this series the mean value was between 40 and 50% saturation 
(Fig. 2). 

The administration of carbon monoxide produced renal changes similar to 
those caused by low oxygen concentrations in the inspired air, but no quanti- 
tative studies were made with this gas. 

Hypercapnia. The concentrations of carbon dioxide in effective gas mixtures 
were between 9 and 25%; the wide range was probably related to the variable 
effect on pulmonary ventilation of such high concentrations of the gas. Blood- 
gas figures showed mean critical values of between 116 and 160% of the resting 
arterial carbon dioxide content of the anaesthetized animal (Fig. 3). 

Additional observations. Generally, despite the high degree of asphyxiation 
necessary, blanching of the renal cortex occurred well before breathing stopped. 
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Cessation or slowing of respiration a few seconds prior to blanching was ex- 
ceptional. Once paling commenced it proceeded briskly, reaching a maximum 
in about 5 sec. Maximal blanching was normally maintained until the asphyxial 
conditions were relieved, though in a small number of cases the kidney flushed 
again before the termination of asphyxia. Apparently in these rare instances 
the cortical vessels relaxed through muscular failure (as we have known them 
to do, on occasion, at or after death). 

With gas mixtures of a composition near the threshold for any given animal 
a spotty paling was seen which never reached the stage of full blanching. 
Wrinkling often occurred with gas mixtures which failed to produce blanching 
of the kidney. 

Systemic arterial blood-pressure changes. No simple relationship could be 
discovered between systemic arterial blood-pressure changes and the observed 
renal effects. In some animals the onset of renal pallor occurred during the rise 
of systemic arterial pressure associated with asphyxia; in others at the height 
of the rise; and in others again, when (owing to cardiac insufficiency at a late 
stage of asphyxiation) the blood pressure was falling from its previous high 
level. Further, flushing of the renal cortex set in at various levels of arterial 
pressure while this was declining to normal after asphyxiation; if, however, 
a secondary rise in systemic pressure followed the termination of prolonged 
anoxia, the kidney surface would flush and become red during, or at the height 
of this, often considerable, rise 

Conversely, the onset of cortical ischaemia did not lead to a rise in systemic 
arterial blood pressure at the moment of blanching. 

Mechanisms involved. It has already been reported that the blanching of the 
renal cortex during asphyxia is abolished by denervation of the renal pedicle; 
and that after denervation of one branch of the renal artery the part of the 
kidney supplied by the nerves accompanying that branch is reached by the 
blood, and retains its surface coloration during asphyxia, whilst the rest of 
the kidney blanches as vigorously as before. 

If the nerves accompanying the renal pedicle were detached, cut, and their 
peripheral ends stimulated electrically, wrinkling and blanching identical with 
that occurring in asphyxia were seen. The intravenous injection of large doses 
of adrenaline hydrochloride (25 yg./kg. body weight) caused blanching and 
wrinkling of the kidney surface very similar to those seen during asphyxia. The 
blanching caused by asphyxia, however, was found to be undiminished after 
extirpation of both suprarenal glands, or after ligation of the suprarenal veins. 
Thus it is clear that the diversion of blood from the renal cortex during asphyxia 
is a nervously intermediated response and that hydrostatic and hormonal 
factors play no significant part in it. 

No evidence was found that the response is a reflex one. It was unaffected 
by section of the aortic nerves and denervation of the carotid bodies and 
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sinuses. Nor are lung-stretch receptors or muscle receptors signalling excessive 
hyperpnoeic movements involved: the response occurred after bilateral 
vagotomy, and with a quiescent chest. 

Unless, therefore, some as yet unknown chemoceptors in the kidney or 
elsewhere are reflexly involved, the renal responses are due to the direct 
action of asphyxia upon cells of the central nervous system. 
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period indicated by the upright rectangle 5-6% oxygen in nitrogen was administered. 
ABP =arterial blood pressure; LU =left ureter; RU =right ureter. (Total volume of urine 
passed since commencement of test period plotted at 10 sec. intervals.) LKS=left kidney 
surface. Its appearance is represented in this and the remaining diagrams as follows: 
black =full red colour; heavy hatching =full red colour, wrinkled; fine hatching = paling or 

. flushing; white=maximal blanching. Urine flow from both kidneys slowed approximately 
25 sec. after paling began and then all but ceased ; it did not recommence until all visible surface 
changes had disappeared, approximately 1} min. after termination of the asphyxiation and 
ever 1 min. after the return of full colour to the cortex. The surface changes and urine flow 
inhibition do not coincide with any particular phase of the systemic arterial blood-pressure 
changes. 


With regard to the latter alternative, the response was unaffected by de- 
cerebration. After transection of the spinal cord at D4, the response was 
obtained definitely, and unaltered in character, threshold, and time course, in 
four out of seven animals. This points to the existence of spinal vasomotor 
neurones, sensitive to changes in the chemical composition of the blood, and 
capable of initiating the renal effects described without the participation of 
higher centres. There is, however, insufficient evidence to suggest that such 
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centres are invariably present, or that in the intact animal they are solely 
responsible for the phenomenon, as in the remaining three experiments the 
renal changes after spinal transection were indefinite. 

Urine flow. The flow of urine from the intact kidney was found to become 
markedly slowed during asphyxia, but not until the stage of paling of the cortex 
was reached. In the very early stages of anoxia the rate of flow was often 
higher than in the preceding control period.* When the kidney had been pale, 
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Fig, 6. The effect of denervation. Top record: the response of the intact left kidney to administra- 

_ tion of 6-5 % oxygen in nitrogen. Intense paling and slowing of urine flow. Maximal blanching 
was not seen in this test. Lower records: two consecutive experiments on the same anima] 
after denervation of the left renal pedicle. No change in the surface of the kidney, no slowing 
of urine flow even in more severe asphyxia. 


or white, for 10-20 sec. urine flow always became extremely small and then 
ceased. It was found that on termination of asphyxia and throughout, and 
after, the return of colour to the cortex no urine was passed, but that the flow 
recommenced sharply at the moment when the last visible wrinkles disappeared 
from the kidney surface. The arrest of urine flow thus usually outlasted the 
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observable cortical pallor by a minute or longer. These findings were unchanged 
by elimination of both suprarenals. 

If the degree of asphyxia was insufficient to cause visible changes in the kidney 
surface no arrest of urine flow occurred, although with gas mixtures close to the 
threshold a slight, temporary slowing was sometimes seen; on the other hand, 
lesser degrees of anoxia tended to cause a distinct acceleration of urine flow. 
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Fig. 7. Occasional persistence of urine flow inhibition after denervation. All curves from the same 
animal after removal of both suprarenal glands. Tracheal occlusion with the left kidney intact 
produced renal cortical blanching and inhibition of urine flow in two consecutive tests. 
After denervation of the left renal pedicle tracheal occlusion caused no kidney surface change 
and no change in urine flow in the first and third test, but a slight, delayed and short-lived 
inhibition in the second and fourth test. 


1 


After severe asphyxia with arrest of urine secretion a much higher rate of 
urine flow than that during the initial control period was often observed, and 
this was maintained for a longer time than was necessary for simple compensa- 
tion (Fig. 5). 

The ‘simultaneous changes in systemic arterial pressure appeared to have 
little or no influence on the rate of urine flow under these conditions. 
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Asphyxia, however severe, caused no change in urine flow from denervated 
kidneys in the great majority of experiments (Fig. 6). However, on a few oc- 
casions a slight, late, and short-lived decrease was observed even with 
denervated kidneys. Decrease of urine flow after renal denervation was not 
caused by secreted adrenaline, as the urine flow curves were identical before 
and after elimination of both suprarenal glands (Fig. 7). The possibility of 
a sudden discharge of antidiuretic hormone or disturbance of tubular funetion 
in severe asphyxia cannot be ruled out. A definite explanation must wait 
upon the findings in further studies. 


DISCUSSION 
The intense cortical vasoconstriction seen in the rabbit’s kidney during asphyxia 


is a reaction differing in threshold and time course from the generalized vaso- 


motor response of asphyxia. Unlike the systemic blood pressure changes it is 
independent of known peripheral chemoceptors. The renal blanching is brought 
about by splanchnic nerve fibres of sympathetic origin, but it furnishes 
striking evidence for the functional independence of the renal nerves from those 
components of the splanchnic outflow which control extra-renal vessels. 
Rose Bradford (1889) first drew attention to this independence. 

The existence of chemosensitive vasomotor centres in the spinal cord was 
reported by Mathison (1910, 1911), and by Dale & Evans (1922). The high 
carbon dioxide concentrations employed by us to produce renal blanching 
agree closely with those found effective by Mathison in his experiments. 

_ Neither the renal artery nor its main branches are completely occluded during 
asphyxia, though they may be severely constricted. When only one small 
tertiary branch of the renal artery is denervated blood is diverted during as- 
phyxia from the entire innervated cortex, but continues to reach the cortical 
area supplied by the denervated branch; the main vessels must therefore be 
patent at this time. This also puts out of court the argument that the observed 


cortical pallor is not due to some active process, but merely a passive hydro- 


dynamic consequence of an insufficient inflow of blood through the constricted 
renal artery (denervation simply removing the constriction of the inflow 
channel and hence the response). It is, of course, true that mechanical occlusion 
of the renal artery will produce cortical pallor, but this is totally different from 
the blanching brought about by nervous action: there is only diffuse pallor and 
shrinking of the whole organ, but no wrinkling of the surface, and onset of 
pallor and return of colour are instantaneous when the clip is applied and 
removed. If the blanching of the cortex in asphyxia were due solely, or mainly, 
to reduction of inflow through a constricted renal artery the portions with 
intact peripheral innervation and the peripherally denervated portions in the 
same kidney should be equally affected and should pale; whereas, if peripheral 


denervation, through trauma or in other ways, prevented the restriction of 
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blood flow through the renal artery the reaction should be abolished or reduced | 


alike in the intact and peripherally denervated distal regions of the same kidney. 
Instead, definitely localized areas of blanching contrast sharply with equally 
well-defined areas in which, after partial denervation, there is no change 
during asphyxia. Thus an active process with its point of attack in the most 
distal part of the kidney must be involved. 

Preliminary experiments in which the outflow from the renal vein was 
measured before, during, and after the asphyxial response have recently shown 
us that, even when the diversion of blood from the cortex is at its height, 
circulation through the organ as a whole does not cease, though naturally the 
rate of blood flow through the kidney is considerably reduced. 

Closer quantitative studies of the renal blood flow and experiments designed 
to elucidate the intrarenal pathway of the blood at the time of asphyxial 
pallor are under way. It is hoped that the same experiments will definitely 
explain why inhibition of urine flow continues after. the return of colour to the 
renal cortex, and will also demonstrate the immediate causes of surface wrinkling. 


_Our-observations on urine flow during asphyxia agree with those of Toth — 


(1940) who, working with dogs, found that the oxygen concentration in inspired 
air could be reduced to 8% before oliguria occurred, and that after denervation 
of the renal pedicle this response to asphyxia was no longer seen. 

Silvette (1943), Stickney, Northup & Van Liere (1946), and Berger, Galdston 
& Horwitz (1949) found that in unanaesthetized animals and men anoxia 
usually caused polyuria, as we found in rabbits when the anoxia was of moderate 
severity. Silvette (1943) exposed rats to simulated altitudes of 25,000 ft. 
(equivalent oxygen concentration 7:8%). The rats under these conditions 
showed polyuria, but if an equivalent anaemic anoxia was induced by admini- 
stration of carbon monoxide urine flow was completely inhibited; it appears 
from Silvette’s account that the rate of induction of severe anoxia determined 
the response of his rats. Stickney e¢ al. found that polyuria developed as a rule 
_ in anaesthetized dogs breathing oxygen concentrations from 14 to about 9°, 
but that this changed into oliguria or anuria on further reduction of the oxygen 
in the inspired air. 

The long-term experiments on unanaesthetized animals of Klisiecki, Pickford, 
Rothschild & Verney (1931, 1933) have established that, if one kidney be 
permanently denervated, both kidneys will, in the long run, secrete urine of 
approximately the same quantity and composition. The nervously intermediated 
diversion of the renal cortical blood flow of asphyxia, with its attendant in- 
hibition of urine flow, has the characteristics of an emergency reaction, though 
it may well be that in the unanaesthetized animal, and under certain normal or 
pathological conditions, the asphyxial threshold for the response may be lower 
than that observed. What biological purpose is served in the living animal by 
such an emergency reaction is at present impossible to say. An additional 
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interesting aspect of the diversion of cortical blood flow in asphyxia lies in 
the fact that it affords opportunities for the experimental investigation of the 
relation between renal blood flow and kidney function. Its importance may 
become enhanced by the study of similar kidney changes caused by other 
chemical, and by nervous, stimuli. These have been noticed from time to time 
but have not been investigated in detail. 


SUMMARY 

1, Intense anoxia and intense hypercapnia caused diversion « the cortical 
blood flow in the rabbit’s kidney. 

2. Gas mixtures effective in producing a response contained, on an average, 
8% oxygen in nitrogen or 9-25% carbon dioxide in oxygen. Corresponding 
mean critical values for blood gases were 42%, arterial oxygen saturation and 
140 °%, of resting arterial carbon dioxide content. 

3. The renal changes were independent of simultaneous blood-pressure 
changes. 

4. Evidence obtained Savon that the response was initiated centrally 
rather than reflexly, and could be brought about through chemo-sensitive 
centres in the spinal cord below D4. ! 

5. The response was closely simulated by electrical stimulation of the renal 
nerves and by large intravenous doses of adrenaline, The renal response to — 
asphyxia was undiminished by bilateral adrenalectomy. 

6. At the time of maximal blanching in the innervated portions of the cortex 
the renal artery and its main branches remained patent and blood continued to 
flow through them. 

7. Urine flow was inhibited by a degree of asphyxia sufficient to produce 
blanching of the kidney surface but not by asphyxia of less intensity. The inhibi- 
tion of urine flow and the visible kidney changes were found to be definitely related 
to one another, and were abolished together by denervation of the renal pedicle. 


The expenses of this work were in part defrayed by a grant from the Research Fund of St 
Bartholomew’s Hospital Medical College, and for this financial help we wish to express our gratitude. 
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THE URINARY EXCRETION OF CREATININE DURING 
, INHIBITION OF WATER DIURESIS IN MAN 
BY ISCHAEMIC MUSCLE PAIN 


By A. R. KELSALL. 
From the Department of Medicine; Umiversity of Sheffield . 
(Received 23 January 1950) . 


It was shown in a previous paper (Kelsall, 1949) that water diuresis in man could 
be inhibited by a period of pain, induced by exercising the forearm muscles 
with the circulation to the arm occluded, and maintained for approximately 
10 min. The inhibition so produced was of gradual onset and prolonged duration 
and was accompanied by marked concentration of urinary chlorides: the fall in 
urine volume was not related to changes in pulse rate or blood pressure, did not 
appear to be due to the release of any antidiuretic substance from the ischaemic 
muscles and could not be reproduced by the injection of adrenaline. The changes 
in urinary output and chloride concentration, however, closely resembled those 
which followed the intravenous injection of small quantities of posterior 
pituitary extract and it was therefore suggested that the inhibition of diuresis 
by pain was predominantly or wholly due to reflex stimulation of the neuro- 
hypophysis with release of the antidiuretic hormone: nevertheless, it was 
recognized that the experiments had not excluded the possibility that changes 
in glomerular filtration rate might be responsible for part or even for the whole 
of the fall in urine output. 
_ It was clearly desirable to obtain further evidence on the matter. irae, 
it was considered that the standard clearance techniques for investigating 
renal blood flow and glomerular filtration rate were unsuitable for the type of 
experiment under consideration, since additional sensory stimuli of an un- 
pleasant nature would inevitably be introduced by the necessity for repeated 
venepunctures and for the injection or intravenous infusion of the appropriate 
chemical substances. It was therefore decided to seek further information as 
to the occurrence of renal vascular changes by following the urinary excretion 
of creatinine. Although exogenous creatinine is undoubtedly excreted partly 
-_by tubular secretion in man (Shannon, 1935; Miller & Winkler, 1938; Shannon 
& Ranges, 1941), endogenous creatinine appears to be excreted predominantly 
_ or wholly by glomerular filtration in persons without renal disease (Miller & 
Winkler, 1938; Steinitz & Tiirkand, 1940; Brod & Sirota, 1948); moreover, the 
plasma level of endogenous creatinine remains very stable during experiments 
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of short duration (Brod & Sirota, 1948), so that it seems justifiable to regard the 
urinary excretion of endogenous creatinine over limited periods as an acceptable 
index of creatinine clearance and thus of glomerular filtration rate. Certainly 
it appears unlikely that any significant fall in glomerular filtration rate could 
occur without a corresponding fall in the urinary output of endogenous 
creatinine. | 
METHODS 
The experiments were performed as previously described (Kelsall, 1949) on four healthy males who 
had acted as subjects in the earlier studies. They were all medically qualified and their ages ranged 
from 23 to 43 years. Diuresis was induced by drinking 11. of tap water and the bladder was 
emptied by voluntary micturition at intervals of 10-30 (usually 15-20) min. Except when 
emptying the bladder, the subjects were seated comfortably throughout the experiments, which 
were begun at least 1 hr. after the previous meal: it was not considered practicable to attempt to 
establish ‘basal’ conditions or any uniform level of preliminary hydration. 

Pain was induced by strong gripping movements of the right hand, the circulation to the arm 
being occluded by a sphygmomanometer cuff at a pressure of 180-200 mm. of mercury. The 
gripping movements were continted at the rate of approximately two every 3 sec. for 14-2 min. and 
the severe pain so produced was maintained for a further 8-15 min., after which it was relieved by 
deflating the cuff. 

The posterior pituitary extract used was ‘Pituitrin’ (Parke, Davis): solutions containing 
0-06 unit/ml., adjusted ta « pH of 3-4 with » potassium acetate-acetic acid buffer solution, were 
stored in the refrigerator in ampoules containing 1-2 ml. 

Urinary creatinine was estimated by the alkaline-picrate colorimetric method described by 
King (1946), modified for use with an EEL photo-electric colorimeter. 


Taste 1. Effect of ischaemic pain on creatinine and water excretion during a water diuresis. 
Subject A.R.K. One litre tap water drunk at zero time in each experiment. 


Diuresis with inhibition Diuresis with inhibition 
Control diuresis by pain by pituitrin 
time time excretion time vol. 

(min.) (ml,/min, ) (me. (min.) (mal, (mg./min.) (min.) (ml./min.) (mg 
30 0-8 1-24 20 1-5 1-08 20 19 1-15 
60 5-4 1-19 40 5-6 1-01 40 5-5 1-04 
80 9-0 1-22 50 9-9 0-97 51 76 0-92 

100 9-3 1-21 64* 11-9 0-97 61t 9-9 0-99 
120 6-8 1-16 74 4:4 0-86 71 1-2 1-03 
140 3-9 0-94 85 2-2 0-85 83 0-9 1-03 
160 1-9 1-00 97 2-3 0-81 95 1-2 1-17 
180 1:3 1-03 lll 46 0-88 115 1-5 0-99 
129 7-7 0-84 135 40 0-92 
— 145 75 0-79 155 7-5 0-97 
— 166 5-9 0-74 175 71 0-89 
~ — — 186 3-1 0-72 195 3-8 0-79 
— 206 20 0-8 215 2-0 0-84 


* Pain for 8 min. during this period. 
+ Pituitrin 0-05 unit intravenously during this period. 


RESULTS 


The creatinine excretion was followed in each subject during a control period 
of water diuresis, during water diuresis with inhibition by pain and during 
water diuresis with inhibition by the intravenous injection of 0-05-0-1 unit of 
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posterior pituitary extract. Each experiment was performed once on three 
subjects har three times on subject A.R.K. The detailed results of one experi- 
ment, typical of all six performed, are given in Table 1 and the results of another 
are illustrated in Fig. 1. During control water diuresis in subject A.R.K. there 
was a tendency for creatinine excretion to diminish throughout the experiment: 


Pain 
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Fig. 1. Subject D.A.T. Urinary creatinine excretionturing control diuresis, during diuresis with 
inhibition by pain and during diuresis with inhibition by intravenous posterior pituitary 
extract. Ordinates: urine volume in ml./min., urine creatinine excretion in mg./min., both 
charted at midpoint of corresponding period of collection. Abscissae: time in min. One litre 
of tap water drunk at zero time in each experiment. A, control diuresis. B, effect of pain for 
15 min. C, effect of 0-05 unit posterior pituitary extract intravenously. 


this may perhaps have been due to gradual approximation of the subject to 

‘basal’ conditions. The changes in creatinine output, however, were very small 
compared with the changes in urinary volume, with which they showed no 
correlation. A similar slight downward trend in creatinine excretion was 
observed over a corresponding 3 hr. period in subject A.R.K. when diuresis 
was not induced. In the other three subjects, creatinine excretion ewes no 
tendency to fall during water diuresis. 


| ‘sig 
fol 
di 
in| 
16 gr 
14 18 oy 
: 10 14 to 
| 8 12 
6 10 
Wi 
4 8 | (1 
2 6 
9 4 
18 
16 
14 C 
d 


CREATININE EXCRETION DURING DIURESIS 57 


In the experiments in which diuresis was inhibited by pain, there was no 
significant change in creatinine excretion during the three periods immediately 
following pain, when inhibition of urine flow was maximal, compared with 
previous and subsequent periods (¢ test). Similarly, the excretion of creatinine 
did not show any significant change during the three periods following the 
injection of posterior pituitary extract, though the variability was somewhat 

DISCUSSION 

The absence of any change in creatinine excretion parallel with, or comparable 
to, the changes in urinary volume during water diuresis or during inhibition 
of diuresis by posterior pituitary extract is in conformity with previous work. 
No significant change in glomerular filtration, measured by the inulin clearance, 
was found during water diuresis in man by Chasis, Ranges, Goldring & Smith 
(1938), and no change in glomerular filtration rate, measured by xylose or 
sucrose clearances, was found during ‘pitressin’ anti-diuresis in man by Burgess, 
Harvey & Marshall (1933). 

_ In the six experiments in which diuresis was inhibited by pain, the results 
were consistent. If it is conceded that any significant fall in glomerular filtra- 
tion rate would be accompanied by a corresponding drop in the urinary excre- 
tion of creatinine, it is clear that there is no large, constant or sustained decrease 
in glomerular filtration rate during inhibition of water diuresis in man by 
ischaemic muscle pain, nor any change comparable with the diminution in 
urine volume. These findings were not unexpected. Although a marked de- 
crease in renal blood flow can be produced in man by pain (Wolf, 1943) or by 
alarm (Smith, 1939-40), the glomerular filtration rate may, nevertheless, re- 
main essentially unchanged (e.g. Smith, 1939-40, fig. 7; Wolf, 1943, table 18, 
exp. 5); in fact, the glomerular filtration rate always tends to remain relatively | 
stable in spite of very wide variations in renal blood flow, probably because 
renal vasoconstriction occurs predominantly at the efferent glomerular 
arterioles (Smith, 1939-40). It is considered therefore that the experiments 
here reported lend further support to the hypothesis that the inhibition of 
diuresis produced in man by ischaemic muscle pain is largely or entirely due to 
reflex stimulation of the neurohypophysis with release of the antidiuretic 
hormone. 

SUMMARY 

1. The urinary excretion of endogenous creatinine remained substantially 
unchanged in four normal male subjects during inhibition of water diuresis by 
ischaemic muscle pain and during inhibition by the injection of posterior 
pituitary extract. 

2. Reasons are given for the view that these findings support the hypothesis 
that the inhibition of diuresis produced by pain is predominantly or wholly 
due to release of antidiuretic hormone from the neurohypophysis. 
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I wish to express my thanks to my colleagues L.K., R.E.H.P. and D.A.T. for participating in 
these experiments; to Dr A. Jordan for statistical analysis of the experimental results; to Mr 
W. Forshall and Dr M. W. A. Gatman for advice on the estimation of creatinine; to Mr A. F. 
Nicholls for performing the initial calibration of the colorimeter and for other technical assistance ; 
and to Miss K. M. Radcliffe for preparing the dilute solutions of ‘ pituitrin’. 


REFERENCES 


Brod, J. & Sirota, J. H. (1948). J. clin. Invest. 27, 645. 

Burgess, W. W., Harvey, A. M. & Marshall, E. K. Jr. (1933). J. Pharmacol, 49, 237. 

Chasis, H., Ranges, H. A., Goldring, W. & Smith, H. W. (1938). J. clin. Invest. 17, 683. 
Kelsall, A. R. (1949). J. Physiol. 109, 150. 

King, E. J. (1946). Micro-Analysis in Medical Biochemistry. London: J. and A. Churchill Ltd. 
Miller, B. F. & Winkler, A. W. (1938). J. clin. Invest. 17, 31. : 
Shannon, J. A. (1935). J. clin. Invest. 14, 403. 

Shannon, J. A. & Ranges, H. A. (1941). J. clin. Invest. 20, 169. 


j.1 


ve 


Smith, H. W. (1939-40). Harvey Lect. 36, 166. Lancaster, Pennsylvania: The Science Press 
Printing Company. In 
Steinite, K. & Tiarkand, H. (1940). J. clin. Invest. 19, 285. 
Wolf, G. A. (1943). Res. Publ. Ass. nerv. ment. Dis. 28, 358. Ne 
flo 
19 
ag 
sh 
th 
in 
of 
of 
N 
= 
| 


in 
Mr 
nce ; 


J. Physiol. (1951) 112, 59-83 546.33.612. 111.1 


FACTORS IN THE ACTIVE TRANSPORT OF CATIONS 


By MONTAGUE MAIZELS* 


From the Department of Pathology, University College 
Hospital Medical School, London 


(Received 26 January 1950) 


In fresh human blood cells K is high and Na low, while in plasma K is low and 
Na high. On cold-storage or on incubation in the absence of glucose, cations 
flow with the concentration gradients, cell K falling and Na rising (Maizels, 
1943, 1949). On incubation in the presence of glucose, Na in cold-stored cells 
again leaves and K enters against the gradients (Harris, 1941). It has been 
shown that output of Na is active and uptake of K secondary and passive, and 
that total base (Na+ K) and cell volume increase above the cold-storage values 
in the absence of glucose and fall below the cold-storage values in the presence 
of glucose (Maizels, 1949; Flynn & Maizels, 1949); it was concluded that output 
of Na subserves the function of checking invasion of the cells by Na from the 
Na-rich external medium, so maintaining constancy of cell composition and 
volume. In the energizing of these cation movements during incubation glucose 
is normally an essential factor: the present paper is concerned with (a) the 
correlation of glycolysis with active transport, (b) the effects on active transport 
of substances which affect one aspect or another of cell metabolism, and (c) the 
replacement of glucose as a source of energy by other substances. 


METHODS 


These involve: (1) The preparation of packed fresh erythrocytes as a reference sample for volume 


changes, etc. (2) Cold-storage for 6-8 days of the fresh blood mixed with one-ninth of its volume 
of trisodium citrate (3%) and glucose or other sugars. (3) Incubation, usually for 18 hr., of 10 ml. 
portions of the cold-stored blood with KCl (0-15 w) and NaCl (0-15 n), together with the addition 
of the appropriate amounts of alkali to give a series of final pH values between 7-2 and 6-8. When 
during incubation the bloods were not rocked, 7 ml. KCl and 20 ml. NaCl were added; with 
rocked bloods the amounts were 4 and 10 ml. (4) Treatment of cold-stored blood as in the pre- 
ceding item but with the addition of inhibiting agents, etc., and enough acid or alkali to give a 
final pH of about 7. Thus where no inhibition of glycolysis is expected alkali is added to pH 7-6 
or 7-8, and after incubation the value sinks to about 7; where inhibition occurs little or no alkali 
is added and the pH shifts from about 7-1 to 7-0 during incubation. It will be realized that the 
pH values recorded in the tables are measured at the end of incubation. (5) Treatment of the 
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stored blood as in item 3 above, but with sodium fluoride added to 30 ma. thus giving as a base-line 
for cell glucose the value found when glycolysis has been completely inhibited throughout incuba. 
tion; this is called the cell glucose control sample. (6) Reagents were Seitz-filtered or autoclaved, 

The actual methods used are the same as those described elsewhere (Maizels, 1943, 1949). The 
phosphate method carried an error of up to + 2% and hence the results for easily hydrolysable P 
(a difference value) have a considerable possible error which may reach an absolute value of 
+0-3 mg. % when cell phosphate is high and of 0-15 mg. when this is low. 


RESULTS 


In the present investigation of stored blood before and after incubation, tables 
show cell volume and pH; they also show cell K, Na and P (total acid soluble, 
hydrolysable and inorganic), all these being corrected for cell shrinkage or 
swelling by reference to the original cell volume. In addition, cell glucose after 
incubation is shown and may be compared with values in the incubated cell 
when glycolysis has been entirely inhibited with fluoride. 

Before considering results in detail, several. points require elucidation. 
(1) When using inhibiting agents, these may themselves be so acid or alkaline 
(e.g. cyanide) as to inhibit active transport non-specifically and it is essential 
so to adjust systems that the pH lies between 7-6 and 6-8 for the greater part 
of the incubation period. (2) Liberation of inorganic phosphate: this leads to 
an increase in cell inorganic P but the true rise is not fully apparent since 
inorganic phosphate, unlike the phosphoric esters, is able to penetrate the cell 
membrane and so is lost in the plasma, The correct amount of inorganic P 
liberated during incubation thus equals the observed change in cell inorganic 
P plus cell phosphate lost by diffusion, the latter equalling the difference in 
total cell P before and after incubation. Thus if cell inorganic P rises from 6 to 
10 mg. % and total acid soluble P falls from 50 to 40 mg.%, then inorganic P 
liberated is 14 mg.% and it is this corrected value for inorganic P which is 
shown in the tables. In what follows it is thus assumed that differences in the 
amounts of inorganic P liberated in the presence of various agents depend on 
the direct effects of these agents on enzymatic processes, but it is of course 


possible that any agent by increasing cell permeability to inorganic phosphate . 


would lead to a greater loss of inorganic phosphate, disturbing the equilibrium 
between inorganic and organic phosphate within the cells, and hence leading 
indirectly to increased phosphorolysis. That most agents do indeed act directly 
on phosphorolysis is shown by the fact that usually total inorganic P liberated 
varies directly with cell inorganic P, whereas if liberation of inorganic P 
depended mainly on increased permeability, total inorganic P liberated and 
inorganic P remaining in the cells would vary inversely : in fact, it is only when 
cell depletion is very marked that the inverse relation tends to appear. (3) With 
regard to the values for cell glucose: the figure recorded is the resultant of 
glucose removed by metabolic activity within the cells and of glucose diffusing 
in from the glucose-rich plasma between the settled cells; the findings are 
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compared with those in the cells of a similar system where glycolysis during 
incubation is inhibited by fluoride (cell glucose control sample), and they thus 
afford a mere index of metabolic activity and not an absolute figure. An 
absolute figure may be obtained by rocking in an incubating chamber and 
estimating total glucose disappearing from the whole system in a given time. 
This was not done as a rule because of the necessity for concentrating the cells 
suspended by rocking, because rocking and concentration accentuate any 
tendency to cell lysis and chiefly because loss of inorganic phosphate is much 
greater from rocked than from settled cells and this in turn accelerates the 
breakdown of phosphoric esters. The loss of cell phosphate leads to disturbance 
of the physico-chemical system with fall in content and concentration of cell 
base, while depletion of phosphoric esters may sometimes be so marked as to 
lead to premature breakdown of the glycolytic system. Finally, one can cor- 
relate glucose metabolized with the apparent output of Na under standard 
conditions but not with real output, since the latter is complicated by passive 
diffusion of Na inwards and this value is unknown and will vary from system 
to system with cell permeability. Further, if conditions are not standardized 
correlation between glucose metabolized and Na actively transported becomes — 
obscured. This is discussed in the next section. (4) Acid liberated during in- 
cubation in the presence of a given agent may be gauged by comparing alkali 
added at the beginning of incubation and pH achieved at the end with the 
corresponding findings in poison-free control systems. 


Active transport and glycolysis 

In the experiments of this section blood suspensions in bottles were rocked 
in an incubating room and the absolute amount of glucose metabolized was 
measured. 

Effects of glucose content of the system. Variations in this had little effect o 
gain of Na and loss of K in the cold (Table 1) while during incubation, provided 
that glucose sufficed for glycolysis throughout the period, output of Na was 
little affected by the actual glucose level, though perhaps rather more glycolysis 
accompanied a given Na output in Na-rich systems. 

Effects of pH. At pH 6-6, glycolysis is slight and active movements small. 
At pH 7-1, 0-65 mole of glucose disappear for 1 of Na expelled (Table 1, 
Exp. 1 f, i compared with g, j), and at pH 7-3, 0-83 mole. In Exp. 2, the figures 
are a little different but it is clear that the relation of glycolysis to active 
transport varies with pH, and if the system be sufficiently alkaline, glycolysis 
may be very marked yet no active transport be apparent at all. 

Effects of time. At 6 hr. 0-45 m-glucose have disappeared for 1 m-Na expelled; 
at 18 hr. the figure is 0-63 (Exps. 1d-f and 2e, g and h); hence, between 6 and 
18 hr. the figure is 1-1 m-glucose per 1 M-Na. Clearly then, the single 18 hr. 
figure has little absolute significance even in rocked systems, though it may be 
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used as an index of correlation between glycolysis and Na transport at a given 
pH. If one‘had a measure of passive diffusion and so of real active transport, 
it might indeed be desirable to have a 4- or 5-point curve for each experiment 
and so correlate rate of glycolysis with rate of transport. Even so, the difficulties 


would be considerable: thus when investigating the effects of cyanide one would | 


need two cyanide samples and two cyanide free controls each at pH 6-9 and 
7-1, and each of these four would have to be divided into four or five lots 


TaBie 1. Effects of time and pH on glycolysis and sodium output of 
incubated erythrocytes (rocked). 
(Seven days cold-storage followed by variable incubation; approximate 
external concentrations, K 33 and Na 120 m.equiv./l.) 


NaOH Glucose Glucose 
added to Incuba- in cell used 
cell tion K content Na content suspen-_ per litre 
suspension period pH of cells of cells sion of cells 
Exp. (m.equiv./l)* (hr.) at 20° (m.equiv./l.)t (m.equiv./L.)f (mg.%) (m™.) 
le 2-4 0 — 62 52 390 0 
b 2-4 18 7-06 82 23 352 22 
he 4-2 18 7-29 x4 19 340 29 
d 2-4 0 7-61 60 52 126 0 
e 2-4 6 7-41 76 32 110 4 
f 2-4 18 7:12 82 25 96 17 
g 4-2 18 7-30 83 20 80 27 
h 2-4 0 — 63 50 71 0 
é 2-4 18 711 84 24 41 17 
j 4-2 18 7-28 83 20 28 25 
2a 4-2 0 7-76 69 46 123 0 
b 2-4 18 6-90 89 20 99 15 
c 4-2 18 7:16 91 19 92 18 
d 6-0 18 7-28 88 18 85 22 
. 4-2 0 7°74 70 47 63 0 
f 2-4 18 6-87 87 19 40 14 
{g 4-2 6 7-48 83 25 46 10 
4-2 18 7:16 89 17 31 19 
* At beginning of incubation. ‘t Referred to original cell volume. 


incubated for varying times, giving twenty lots in all, each lot needing a large 
number of different analyses done in duplicate. In the following experiments, 
therefore, time curves were not usually done, but glucose levels, etc., were 
observed at 18 hr., sometimes in whole blood but more often in the incubated 
cells alone. 
Effects of metabolic poisons 

Poison-free controls. The higher the pH, the greater is glycolysis and the 
slower is phosphorolysis (see observations 6 and c and sometimes d in all 
experiments). Easily hydrolysable P lay as a rule between 3 and 5 mg. % at the 
end of cold-storage and fell by about 1 mg. during incubation. Optimum active 
transport corresponded to a final pH between 7-2 and 6-8. In view of normal 
variations of findings with pH, controls at several pH levels are given, and the 
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en final pH of poisoned systems are planned to fall in this range. Deviations from 
rt, the normal controls are evident on simple inspection, but where three control 
nt values are available curves may be drawn and results in poisoned systems 
les compared with values at the corresponding control pH. 

ld Sodium fluoride. When the usual amounts of alkali were added to blood 
nd incubated with fluoride, high alkalinity resulted; without alkali, pH was about 
rts the same as in incubated fluoride-free systems with added alkali, showing that 
glycolysis and hence liberation of acid were inhibited. This was confirmed by 
sugar estimations which showed that with an overall fluoride content of 
10 ma./l. glycolysis was almost completely inhibited (Table 2, Exp. 1): for 


TABLE 2. Effects of fluoride and mono-iodoacetate on active transport 
in incubated erythrocytes of unrocked blood 


(Approximate external concentrations, K 33 and Na 120 m.equiv./1.) 


Contents referred to 
original cell volume 
concentrations of ‘(m.equiv. (mg. 
Ine. additions in cell + plasma Cell G 
Exp. (hr.) water (mm./1.) H Vv 2° %K Na TP EHP IPL* (mg.%) 
la 0 (unincubated) 0 14 70 46 0 
18 =NaOH42 0 9 2 40 28 21 122 
18 NaOH 2-4 0 606 99 36 32 3 18 
18 NaOH 0, NaF 10 + 10 60.4 8% 4 10 384 
¢ 18 NaOHO, NaF 10, Na Py 20 + 106 606 6 8 8 13 ll 3 
f 18 =NeOH 1-0, NaF 4 + Wi 60 4 18 25 
18 NaOH 1-0, NaF 4, Na Py 20 0 106 66 8 6&8 8 18 WwW 226 
i 18 NaOH 2-6, NaF 1-5 0 128 606 8 38 41 24 2 238 
i 18 NaOH 2-6, NaF 1-5, Na Py 20 0 183 686 ss? 38 #2 22 DBD 236 
5 18 Cell glucose control, NaF 30 314 
2a 0 0 (umincubated) 0 Wl & 58 #90 
6 18 NaOH 62 0 720 9% 20 4 34 11 120 
NaOH 0 7 Db 37 134 
18 WNaOH25 0 686 8% 0 3 386 32 £176 
18 0O6, MIA 08 + 16 T7104 DW O8 47 
18 NaOQHO-6, MIA 04, Na Py 20 + 14 76 8% 71 O8 #46 314 
18 NaOH 140, MIA 0-2 + 138 5| 2 812 
18 NaOH 1-0, MIA 0-2, Na Py 20 + lh2 o 68 2% O08 4 £4316 
ge 18 NaOH 2-2, MIA + 16 716 6 16 266 
18 0 16. 707 5S 2% 12 38 #£=254 
8, 18 NaOH 2-8, MIA 0-02 0 604 79 90 239 19 8% 190 
re 18 NaOH 2-8, MIA002,NaPy20 0 10 6092 2 31 28 192 
ad m 18 Cell glucose control 330 


Inc. =incubated. H —haemolysis, + =slight; + =trace. V = percentage of original volume of fresh cells. TP =total 
acid soluble phosphorus. EHP easily hydrolysable phosphorus. IPL*=inorganic phosphorus liberated during 
incubation; at the beginning of incubation this equals 0. Cell G =cell glucose. Na Py =Na pyruvate. MIA =mono- 
' iodoacetic acid. Cell glucose control =cell glucose in blood incubated with NaF (0-03 ™) to give complete inhibition 

e of glycolysis. 


he this reason cells incubated with NaF (0-03 m) were used in other experiments — 
ve as controls to give the cell glucose level in the absence of glycolysis and the 
al difference between this value and that found after incubation with a given 
he agent was a measure of the agent’s effect on glycolysis. 
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NaF also largely inhibited the breakdown of phosphoric esters, except for’ 


hydrolysable phosphate which fell to a very low level; as a result of conservation 
of phosphoric esters, total cell P fell little during incubation. Active cation 
transport diminished and with the higher concentrations of fluoride, Na so far 
from leaving the cell increased there by passive diffusion while the level of 
K fell. The net result was a rise of cell total-basegand volume, though the 
increase was sometimes less than would have been expected from the failure 
of active transport at high fluoride levels. There was also some lysis not ex- 
plained by cell swelling and therefore attributable to damage of the cell mem- 
brane—possibly resulting from interference with nutrition. Addition of pyru- 
vate to 0-02 m had the following effects on these findings: haemolysis was 
consistently and definitely less than when pyruvate was absent and passive 
diffusion of Na inwards and of K out was usually slightly decreased. In fourteen 
paired observations with pyruvate-fluoride and simple fluoride systems cell Na 
averaged 2-5 + 1-5 m.equiv./l. less in the former: in two instances it was slightly 
greater in the pyruvate-fluoride system, in three it was the same, and in nine 
observations from 1 to 4 m. equiv./l. less. These findings were thought to arise 
from the effects of pyruvate on permeability rather than on metabolism. They 
are also shown in the rocked system of Table 3 (Exp. 1), where absolute changes 
in glucose levels are also shown. 

Monoiodoacetic acid. The effects of this agent were similar to those of fluoride 
except that phosphorolysis was hastened and loss of total P from the cells 
marked (Table 2, Exp. 2). In conformity with this, glycolysis was inhibited 
and cell Na was higher and K lower than in the controls, while total base 
(Na+ K) and cell volume were also greater than in the absence of iodoacetate. 
Increase in base and volume were greater than with fluoride. The addition of 
pyruvate had the same effect as with fluoride: haemolysis was less and cell Na 
tended to be about 2 m.equiv./l. lower than when pyruvate was absent. 

Cyanide. When cyanide was added along with the usual amounts of alkali, 
incubated systems were very alkaline and haemolysis was marked; even without 
added alkali the alkalinity of the cyanide gave a pH which was still high at the 
end of incubation and active transport was poor (Table 4, Exp. 1e). The following 
gave satisfactory results: cyanide solution was Seitz-filtered and added along 
with a little HCl to stored blood in a vessel so small as to be almost filled. 
Under these circumstances glycolysis and phosphorolysis were more active 
than in cyanide-free controls, while active transport was well marked even when 
the cyanide concentration approached m/100. 

Carbon monoxide. Here, 40 ml. cell suspension were placed in a 340 ml. bottle 
which was closed by a rubber washer and perforated cap. Long and short 
hollow needles were pushed into the bottles and washed CO passed through 
and over the blood for 30 min., after which the needles were withdrawn and 
the punctures sealed. In this way the cell suspension was saturated with CO 
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and in constant contact with a large volume of oxygen-free CO gas. Table 4, 
Exp. 2, shows that haemolysis was rather more marked than usual, presumably 
because of the agitation produced by bubbling; otherwise CO systems were 
indistinguishable from CO-free controls, though glycolysis was rather more 
marked. | 


Tase 3. Effects of various poisons on active transport in incubated erythrocytes of rocked blood 
(Approximate external concentrations, K 28 and Na 125 m.equiv./1.) 


Contents referred to 
Glucose 
Glucose 
Overall concentrations of (m.equiv./l.) (mg. %) incell used by 
Inc. additions in cell + Be ——_— A —~, suspension cells 
Exp. (hr.) water 2° Na TP EHP IPL* (mg.%) (ma,/l. 
la 0 (unincubated) 79 70 4 32 «0 63 0 
18 NaOH42 716 «617 31 17 
¢ 18 NaOH24 819 286 40 12 
18 WNaOHO, NaF8 609 59 2 
¢ 18 NsOHO,NeF8,NaPy20 70 59 509 3 12 «12 58 2 
18 NaOHO46, NaF 4 701 66 52 38 +417 «18 54 5 
¢ 18 NaOHOG,NaF4,NaPy20 700 67 50 3 16 12 56 4 
22 0 (unincubated) 6 41 54 10 0 
18 NaOH80 718 8 4 54 20 
18 NaOH45 702 88 64 17 
18 NaOH20 603 84 21 16 34 68 15 
18 NaCN 10 104 82 4 45 23 
{ 18 NaOH22, NaCN5 84 2% 16 36 38 26 
18 NaOH 0, NaCN 5 102 8 @ 1 31 50 22 
18 NaOH 22, NaCN 2-5 106 8 0 16 338 54 20 
3a 0 0 (unincubated) 72 «6490 (48 87 0 
18 NaOH80 106 8 2 42 2% 34 18 
18 NaOH45 68 83 21 19 42 42 15 
4 18 NaOH22 677 80 2% 17 38 81 49 13 
¢ 18  NaOHO, NaN, 10 607 31 19 #38 33 19 
f 18 NaOH22, NaN, 5 604 83. 19 
9 18 NaOH 5-7, NaN, 25 700 8 % 21 36 28 20 
h 18 NaOH94 DNP OD 60 7 2 19 35 23 22 
i 18 NaOH 62, DNP 0-22 600 8 2% 19 39 8 25 21 


Inc. =incubated. TP =total acid soluble phosphorus. EHP =easily hydrolysable phosphorus. IPL* =inorganic 
phosphorus liberated during incubation; in the unincubated samples this equals 0. Na Py =Na pyruvate. DNP = 


dinitrophenol 
In the suspensions of Exps. 1-3 cells respectively occupied 10-6, 16-0 and 16-7% by volume. 


Sodium azide (Table 4, Exp. 3). Active transport was practically uninhibited 
by azide (Seitz-filtered) up to 0-008 m and was evident in concentrations 
up to 0-016 m. Glycolysis and phosphorolysis were rather more marked than in 
the controls, but this effect was not quite so constant as with cyanide. 

All the preceding three agents, then, caused some increase in glycolysis as 
compared with the simple controls (a property shared by dinitro-phenol), but 
there was no evidence that this was accompanied by a corresponding increase 
of active transport, for Na was the same as, or rather less than, in the controls. 


This is also seen in Table 3 (Exps. 2 and 3), where in rocking experiments, 


cyanide, azide and dinitro-phenol caused an increased consumption of glucose 
5 
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but without an increase in active transport. It was further thought possible 
that changes in active transport might be obscured after 18 hr. incubation 
when glycolysis in the controls, though less than with cyanide, was still well 
marked and that the changes might be evident after only 6 hr. incubation when 
glycolysis was less advanced. In fact, glycolysis was relatively more marked 
with cyanide at this time, but active transport was not increased. The results 
present no special features and have not been tabulated. 
Taste 4. Effects of cyanide, carbon monoxide and azide on active transport in 
incubated erythrocytes of unrocked blood 
eT K 33 and Na 120 m.equiv./l.) 


Contents referred to 
original cell volume 
of (m.equiv./l.) (mg. %) 
Inc. additions in cell + plasma H r A CeiG 
Exp. (hbr.) water (mm./1.) H Vv 2° K Na TP EHP IPL* (mg. %) 
le © 0 (unincubated) 0 17 14 6 52 5S St <4 

6 18 NaOH62 0 100 713. #4 48 20 1% 
H 0 108 60 9 16 4 #47 «+3 i151 
18 NaOH28 0 10 686 99 17 50 38 ~ 176 
e 18 NaOHO, NaCN 10 + Ja 
f 18 HCl45, NaCN 10 0 608 90 18 %S 42 36 ~ 121 

18 aOH 1-7, NaCN 5 0 102 698 #8 16 38 40 3 =~» 188 
3-4, NaCN 2-5 0 104 701 18 @ 45 381 1384 
18 NaOH62 0 12 700 9 6 @ 24 14 136 
ec 18 NaOH45 0 10 697 8 1 37 154 
d 18 NaOH 4-5, CO saturated + 108 706 6 18 
a 0  O(unincubated) 0 16 79 4 41 #420 
6 18 NaOH62 0 7: 9% 21 4 37 18 158 
18 NaOH45 0 101 711 8 4 44 B 196 
18 WNaOH440, NaN, 16 0 1028 737 6% 4 388 18 
18 NaOH 54, NaN, 8 0 128 7: 2 4 #34 21 132 
f 18 NaOH5-0, NaN, 4 o 0 71 1 190 
g 18 Cell glucose control, NaF 30 — 324 


Ine, of volume of fresh calle. He 
TP =total acid soluble phosphorus. EHP =easily hydrolysable phosphorus. IPL* inorganic 


haemolysis. + =slight. + = trace, 
phosphorus /1. 
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inc. 
during incubation; at the beginning of incubation this equals 0. Cell G=cell glucose. Cell glucose control =cell TP=t 


glucose in blood incubated with NaF (0-03 m.) to give complete inhibition of glycolysis. 


Mepacrine. This was not a satisfactory agent to use, for at moderate concentra- 
tions it induced lysis, and even when more dilute caused erythrocytes to adhere 
in a slimy mass, indicating that the cell exterior was certainly and permeability 
possibly altered. Glycolysis and phosphorolysis were not obviously affected, 
but there was apparent partial inhibition of Na output with marked uptake 
of K against the concentration gradient. Cell total base and volume increased. 

The cation changes with mepacrine suggest that there is a marked uptake of 
K with only a small corresponding output of Na—a finding which is contrary 
to earlier conclusions (Flynn & Maizels, 1949). The position is clarified if 
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observations are made after 4 as well as at 18 hr. incubation (Table 5, Exp. 2). 


The normal control shows a progressive fall of cell Na and a smaller rise of K 


thoughout incubation, and this is apparent after only 4 hr. when cell pH is 
still fairly high; thereafter, between 4 and 18 hr. cell Na falls by 16 m.equiv./l. 
(from 31 to 15), while K rises by 11 m.equiv. (Exp. 26, c). With mepacrine, 


cell Na rises between 0 and 4 hr. (from 39 to 46 m.equiv./l.), and it is only 


when cell pH approaches neutrality that output of Na becomes really active. 
However, even here cell Na falls by 16 m.equiv./l. (from 46 to 30) between 4 and 
18 hr. and this exceeds the corresponding rise in K of 12 m.equiv. (Exp. 24d, e). 
Presumably, mepacrine increases the permeability of erythrocytes to cations 


Tasiz 5. Effects of mepacrine and arsenite on active transport in incubated erythrocytes of unrocked blood 
(Approximate external concentrations, K 33 and Na 120 m.equiv./1.) 


Contents referred to 
original cell volume 
Overall of (mequiv,/l.) (mg. %) 
additions in cell + H r CelG 

Exp. (hr.) water (ma. /1. 20° K Na TP EHP IPL* (mg. %) 
la 0 0 (unincubated) 0 1 Th & 80 0 

6 18 62 0 70 20 6 2 24 136 

18 NaOH 45 0 97 607 6b 20 £21 154 

18 NaOH 30 0 10 680 8 25 32 198 

¢ 18 45, mepacrine 0-5 + 107 & 8% 20 

f 18 NaOH 45, mepacrine 0-25 + 14 660 86 2% S84 26 2 162 

18 Cell glucose control, NaF 30 — 320 
2a 0 0 (unincubated) owe th 

b 4 NaOH 45 0 38 232 —- — 

e 18 NaOH 45 0 97 bb —- — 

d 4 NaOH 4 05 + 10 232 —- — 

3a 0 (unincubated) 0 ll 70 70 8% 37 0 

6 18 $#NaOH 57 0 14 72 8 @B 4 33 6 118 

18 NaOH 45 0 104 68686 9% 3 31 «21 130 

@ 18 NaOH 4°, Na arsenite 2-8 + lh 606 6 3 3 30 WW 150 

‘ 18 NaOH 5-0, Na arsenite 1-4 + lO 70 8s8& 3% 38 #81 142 

f 18 NaOH 5-0, Na arsenite 0-7 + Wi 606 90 SO 38 33 WV 124 

9 18 Cell glucose control, NaF 30 — — — 292 
inc.=incubation. V =percentage of original volume of fresh cells. H —haemolysis. + + =trace. 


TP =total acid soluble phosphorus. EHP easily hydrolysable phosphorus. IPL* =inorganic phosphorus liberated 
during incubation; at the beginning of incubation this equals 0. Cell G=cell glucose. Cell glucose control =cell 
glucose in blood incubated with NaF (0-03 u) to give complete inhibition of glycolysis. 


at moderately high pH, and this will increase passive entry of the large hydrated 
Na ions early in incubation with normal output in the later, less alkaline stages. 
The smaller K ions in any case penetrate red cells relatively quickly, and their 
diffusion outwards with the concentration gradient (normally restrained by the 
equilibrium requirements of non-penetrating anions within the cells) will be 
less affected by increased permeability than the corresponding diffusion of 
Na inwards. If this is so, then early in incubation there will be a large passive 


gain of Na with little or no loss of K (as in Table 5, Exp. 2d) and later in 
5—2 
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incubation, the usual output of Na with compensatory gain of K (Exp. 2e). 
In this way may be explained the seemingly anomalous transport of cations 
observed after 18 hr. incubation with mepacrine, although, as we have seen, th: 
actual active output of Na between 4 and 18 hr. is, in fact, considerable and 
exceeds the corresponding uptake of K. Similar cation changes are observed 
when erythrocytes are incubated with a small volume of very alkaline hyper- 
tonic saline instead of with a large volume of slightly alkaline isotonic solution. 

Sodium arsenite (Table 5). This agent caused a little inhibition of glycolysis 
with no obvious effect on phosphorolysis. In the concentrations used, there was 
some inhibition of Na output as compared with the controls, uptake of K 
against the gradient being less affected. As with mepacrine, this effect was 
ascribed to an increase in permeability: a view supported by the constant slight 
haemolysis observed with this substance. 


Taste 6. Effects of dinitrophenol, methylene blue and malonate on active transport 
in incubated erythrocytes of unrocked blood 


(Approximate external concentrations, K 33 and Na 120 m.equiv./1.) 


Contents referred to 
original cell volume 
(mequiv./l.)  (mg.%) 
Exp. (hr.) cell + plasma water H Vv EHP IPL* (mg. 

la 0 0 (unincubated) 0 16 56 0 
6 18 NaOH 62 m.equiv. 0 14 70 Bb 52 BW 14 
e 18 NaOH 45 mequiv. 0 16 679 2 16 28 #48 2 ~~ 180 
18 NaOH mequiv. 0 06 672 8 17 BM 438 BD 
¢ 18 NaOHT3mequiv,DNP24mu. i 106 600 8 2% 3 37 2 1% 
18 0 103 702 8 19 38 2 114 
18 0 106 684 91 146 28 41 2 148 
18 0 102 697 17 S32 42 22 132 

+ 18 NaOHGTmequiv,MBi2m. + 106 608 98 16 41 49 8 168 
§ 18 NaOH 67 mequiv., MB 3 mg. 0 102 604 9 16 38 46 11 106 
k 18 Celi ghucose control, NaF 30m™u. — — — — 364 
2a 0 0 (unincubated) 0 1046 ST 
6 18 NaOH 62 mequiv. 
e 18 NaOH 45 mequiv. 0 63 8 2 — 
d 18 NaOH 2°8 m.equiv. 0 1s — — 
1 0 10 714 8 2646 —- — 
18 NaOH 0 10 %710 — 


Inc. incubation. V = percentage of original volume of fresh cells. H =haemolysis. + —slight; + —trace. TP =total 
acid soluble phosphorus. EHP <easily hydrolysable phosphorus. IPL* =organic phosphorus liberated during in- 
cubation; at the beginning of incubation this equals 0. Cell G =cell glucose. DNP =dinitrophenol. MB =methylene 
blue. Malon = Na malonate. Cell ghacose control cell glucose in blood incubated with NaF (0-03 x) to give complete 
inhibition of glycolysis. | 


Dimitrophenol (Tables 3 and 6). This substance in concentrations higher than 
2-4 mM./l. caused slight haemolysis associated with decreased output of Na. 
Below this level active transport was practically unaffected, but phosphorolysis 
and glycolysis were both increased and pH was lower than in the corresponding 
controls (Table 3, Exp. 3, h compared with 5); it is possible that a similar pH 
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effect might be observed with cyanide and azide were it not obscured by the 


natural alkalinity of these agents. 

Methylene blue. This increased the amount of sugar used and hence the acidity 
developed in the system during incubation (Table 6, Exp. 1 i and j compared 
with 6; Table 8, Exp. 2¢ and f compared with 5); but this did not raise the 
activity of cation transport. Phosphorolysis was inhibited by methylene blue. 

Malonate (Table 6). Na malonate up to 0-01 m had no effect on active 
transport. | 

Sulphanilamide. This up to 2 ma./l. was without effect on active transport. 


Glucose and other sugars as sources of energy 


When blood is cold-stored with or without glucose, cation distribution after 
6 days is similar (Tables 7-10; unincubated levels); presumably, the store of 
natural glucose originally present in fresh blood glycolyses so slowly at low 
temperatures that a remnant persists even after a week. But during sub- 
sequent incubation in the absence of added sugar, cell glucose quickly dis- 
appears—more especially in unrocked systems where the settled cell mass is 
out of contact with the main volume of plasma—and cations continue to run 
with the gradient and not against it, so that cell Na, total base and volume rise 
above the cold-storage level while total and hydrolysable phosphate fall and 
inorganic phosphate liberated rises. As might be expected, little acid is set _ 
free during incubation of blood without added glucose and a very small 
addition of alkali suffices to keep the pH at about 7. 

Glucose, fructose, mannose and galactose all penetrate the erythrocyte 
readily: the first three are all capable of energizing active transport; galactose 
is not (Table 7). The effects of glucose and mannose are very similar. The 
effects of fructose are peculiar: when thisgugar is present in high concentration, 
as in Table 7, fructolysis and liberation of acid is marked, cation transport is 
active and hydrolysable phosphate which usually decreases when erythrocytes 
are incubated with other sugars, actually increases above the cold-storage level 
in the presence of fructose—usually at the expense of inorganic phosphate 
liberated. When, on the other hand, blood is incubated with low concentrations 
of fructose as in the shaking experiments of Table 8, fructolysis is small com- 
pared with glycolysis in the glucose systems and acid liberation is slight, so 
that when alkali is added to both systems to 0-0012 n, cell pH after incubation 
with glucose is 6-93 and with fructose 7-12. So, too, output of Na in low glucose 
systems is about 20 m.equiv./1. and in low fructose systems only 8. With systems 
containing galactose little acid is liberated and active transport is not apparent. 

Arabinose and xylose (Table 9). Little acid is liberated in the presence of 
xylose and arabinose and any pH shift may well be ascribed to glycolysis of 
residual natural glucose. Both these substances appear to give rise to very 
small Na outputs, and the effect is more significant when compared with the 
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TasLE 7. Monosaccharides and pyruvate as activators of cation transport in 
the incubated erythrocytes of unrocked blood 


(Approximate external concentrations, K 35 and Na 115 m.equiv./l.) 


Contents referred to 
original cell volume 
Additions 
A oH (m.equiv./L.) (mg. %) 
Exp. (br.) Sugar, ete. (mequiv./.) H V «20° K Na TP EHP IPL* (mg.%) 
1 0 Glucose (unincubated 0108 176 8 © #410 
b 18 ’ 6-2 0 © 75 970 2 6 28 1 134 
18 Ghucose 45 0 00 714 81 BW 38 16 
@ 8 30 0 138 2 6 6 41 18 188 
¢ 18 Cell glucose control _ 320 
0 Galactose (unincubated _ 0 16 70 6 © 8 37 o — 
18 1-1 + 1100 700 @ 2% O8 2 318 
i 18 Cell galactose control _ 336 
0 Fructose (unincubated 0 12 76 4 49 — 
18 45 0 12 7 8 17 4 12 186 
i 18 Cell fructose control — 322 
0 Mannose (unincubated) 0 16 7235 6 & 44 0 
» 18 Cell mannose control — 330 
0 No unincubated 0 14 7306 32 0 
18 Sugar-free control — j— — ?10 


Inc. =incubated. H —haemolysis; + ~slight, + —trace. V —percentage of original volume of fresh cells. TP = total 
acid soluble phosphorus. EHP easily hydrolysable phosphorus. IPL* =inorganic phosphorus liberated during 
incubation; at the beginning of incubation this equals 0. Cell S=cell sugar. Pyruvate + —pyruvate added to 
20 m.equiv./l. Cell-sugar controls =cell sugar in blood incubated with NaF (0-03 m) to give complete inhibition 
of glycolysis. 


_ in the incubated erythrocytes of rocked blood 


(Approximate external concentrations, K 28 and Na 125 m.equiv./1.) 


wily 

Exp. (hr.) Sugar, etc. (m.equiv./l.) at 20° K Na TP EHP IPL* (mg. %) (mx./l.) 
b 18 Glucose 47 730 92 £19 24 46 21 
c 18  Ghucose 13 6038 92 16 16 27 62 15 
d 0 Galactose (unincubated) 718 3ST 29 0 110 0 
» 18 Galactose 0 76. 4i 10 37 4 
f Fructose (unincubated) 7-17 3% 8S 0 100 0 
18 Fructose 13 & 24 382 74 10 
h §$Mannose (unincubated) 718 3-6 0 105 0 
18 Mannose 3-0 700 19 21 25 30 64 15 
2a Glucose (unincubated) Tl4 70 5 46 39 0 96 0 
b 18 Glucose 80 7-33 8 23 25 2-8 24 28 22 
c 18 Glucose 45 7-18 8 26 19 - 33 27 37 19 
18 Ghucose 20 7104 77 2 17 382 2% 45 16 
- 18 Glucose, MB 12 mg 80 608 83 30 6 $31 25 22 24 
f 18 Glucose, MB 3 mg 8-0 70 22 24 


Inc. incubated. TP =total acid soluble phosphorus. EHP —easily hydrolysable phosphorus. IPL* inorganic 
phosphorus liberated during incubation. MB =methylene blue. 


| 


ell 8 Additions 


Exp. (hr.) Sugar, etc. (mequiv./i.) 20° 
168 la 0 Glucose (unincubated) _ 0 108 714 
188 6 18 Ghucose 6-2 0 102 17:36 
320 18 Glucose 45 0 106 1744 
@ 18 Glucose 3-0 0 6-96 
318 18 Cell glucose control — — 
336 f Arabinose (unincubated) 0 110 714 
18 Arabinose 5 0 110 606 
x (unincubated) 0 4110 7-12 
12 + 742 
38 18 xylose control _ 
330) No sugar (unincubated) 0 lll 75 
m 18 No sugar 10 + 115 1748 
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findings in bloods incubated without any sugar being added (Table 9, cf. 
Exp. | f and g, 4 and j, ! and m). This matter is considered later. 


( TABLE 9. Pentoses and cation transport in the incubated erythrocytes of unrocked blood _ 
(Approximate external concentrations, K 33 and Na 115 m.equiv./1.) 


Contents referred to 
original cell volume 
(mequiv/.)  (mg.%) 

A 

Na TP 

77 49 0 
6 386 13 
95 18 34 365 £2 
92 18 31 39 
77 0 42 0 
8 38 21 06 36 
8 38 4 £=45 0 
6 64406 O41 0 
48 2 OF 


71 


EHP IPL* (mg.%) 


? 
? 
210 TPtotal acid soluble phosphorus. EHP easily hydrolysable phosphorus. IPL* inorganic 


118 


~| 88! 321-883 


Inc.=incubated. H-=haemolysis. + =slight. + =trace. V=percentage of original volume of fresh cells. 


liberated 


phosphorus 
during incubation. Cell S =cell sugar. Cell-sugar controls =cell sugar in blood incubated with NaF (0-08 x) to give 


complete inhibition of glycolysis. 
ad to  Tamtx 10. Disaccharides and cation transport in the incubated erythrocytes of unrocked blood 
(Approximate external concentrations, K 35 and Na 115 m.equiv./1.) 
Contents referred to 
original cell volume 
Additions A 
Exp. (hr.) (m.equiv./.) H af 30° K Na TP EHP IPL* (mz.%) 
la © Glucose (unincubated 0 18 606 86 — 
| 5-4 0 108 80 2 31 22 14 
gar e¢ 18 Glucose 3-2 0 101 680 7 2% 23 24 8 174 
¢ 0 Lactose (unincubated & & 80 = 
a./l.) f 18 Lactose , 1-2 0 104 703 50 52 18 O2 84 104 
h 0 Maltose (unincubated 0 100 1700 & 38 
5 18 Maltese. 12 0 104 69 61 17 #08 3 
k © Sucrose (unincubated 0 1% O — 
0 1 18 Sucrose 1-2 + 104 698 58 5 16 — 
0 0 No sugar (unincubated 0 14 706 #5 Ss 30 — 
5 18 No sugar 10 + 10 604 17 O03 34 
Ine. = incubated. H =haemolysis, + =—slight; + =—trace. V =percentage of original volume of fresh cells. TP =total 
5 acid soluble phosphorus. EHP easily hydrolysable phosphorus. IPL* inorganic phosphorus liberated during 
4 
6 incubation. Cell S=sugar. Cell-sugar controls =cell sugar in blood incubated with NaF (0-03 ™) to give complete 
of glycolysis. 
= Lactose, maltose and sucrose (Table 10). These sugars also liberate little or no 


acid during incubation, and in the case of sucrose active transport is slight or 
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absent. Lactose is apparently associated with a small amount of active cation — 


transport; with maltose, the effect is slightly greater. 

Pyruvate (Table 7). This substance probably does not supply energy for cation 
transport, and in the absence of added glucose cell Na, total base and volume 
all increase. 

DISCUSSION 

According to Rothstein (1948) yeast cells probably have some of their enzyme 
systems situated on the cell surface, but in the case of the red cell (which is not 
concerned with non-diffusible external substrates) the glycolysing and phos- 
phorylating systems are probably situated in the substance of the cell membrane 
or on its inner face (Maizels, 1949). Hence, when assessing the potency of an 
inhibiting agent it is necessary to be sure that the agent is able to penetrate 
the cell and if so, that enough of it remains after combination with the external 
cell face and internal proteins (haemoglobin) to exert specific effects, if any, on 
the cell-enzyme systems. Of the substances investigated, those which exert 
a clear inhibitory effect present no difficulties : such are fluoride and iodoacetate. 
In the case of cyanide, CO and azide simplicity of structure renders penetration 
certain and, in fact, cyanide and iodoacetate have been shown to penetrate the 
red-cell membrane rapidly (Maizels, 1934), while penetration by azide and CO is 
made evident by changes in the colour of cell haemoglobin. 

With regard to other agents: those which are surface active also penetrate 
cell membranes readily. But if the agent is strongly adsorbed at the outer cell 
face, the effective concentration of the agent within the system will be far below 
the initial concentration and it will be difficult to assess its effects on the enzyme 
systems of the inner cell face. However, in the present investigation adsorption 
is not sufficiently powerful to affect the bulk concentration significantly. Thus, 
even with mepacrine which is strongly adsorbed, the actual concentration in 
the system was only 8°%, less than the theoretical value when the latter was 
0-5 ma./l. and the volume of the external phase nine times that of the cells. 
It is therefore probable that the actual effective intracellular concentration 
of mepacrine is not much below the theoretical overall value. The same applies 
with more force to dinitrophenol which is less strongly adsorbed than mepacrine; 
here, moreover, evidence in favour of free penetration is afforded by analogy to 
nitrobenzoate which enters human red cells rapidly (Maizels, 1934). With 
methylene blue loss of colour in the extracellular fluid was more marked, either 
from adsorption or reduction: however, it is clear that methylene blue ac- 
celerates breakdown of sugar within the cell and so adequate penetration may 
be presumed ; further, it is known that methylene blue stains nuclear ne 
in nucleated red cells. 

Hexoses, pentoses and pyruvate all penetrate ienthiaantie adequately under 
the present experimental conditions: the disaccharides, little if at all. It is 
therefore not possible to ascribe the inactivity of the disaccharides to their 
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inability to participate in the cell metabolic cycle. In the case of arsenite 
alone, there is doubt about the amount of penetration, if any, which occurs. 
Multivalent inorganic anions like phosphate and presumably arsenite, pene- 
trate the erythrocyte membrane slowly at low temperatures, though at 37° 
phosphate certainly and arsenite possibly, penetrate fairly rapidly; in support 
of the latter — is the inhibitory effect exerted by arsenite on glycolysis 
(Table 5). 
Action of metabolic poisons 

It is generally accepted that metabolism in human erythrocytes follows the 
well-known Embden-Meyerhof-Parnas cycle: thus, the red cells show reci- 
procity between glycolysis and phosphorylation, and the effects of pH on these 
activities are characteristic, as are the inhibitory actions of fluoride and 
iodoacetate. Further, all the ingredients of the cycle are present, including 
glucose, adenosinetriphosphate (whose P accounts for 20°% of the total acid 
soluble P), di- and tri-phosphopyridine nucleotide, co-carboxylase and phos- 
phoric esters. However, with regard to the latter, the human erythrocyte 
differs from many cells in that half the total acid soluble P is contributed by 
2, 3-diphosphoglycerate, a stable ester to be distinguished from the labile 
1, 3-ester which appears to be a normal intermediary in glycolysis (Guest 
& Rapoport, 1941). It is also important to remember that metabolism in the 
human red cell is normally conducted through channels of aerobic glycolysis— 
a route shared by many cells where aerobic glycolysis is active though ac- 
companied by a greater or lesser amount of respiration; among such cells are 
spermatozoa, retina, pus and others. 

Fluoride and iodoacetate. It has been seen that active cation movements 
require the presence of glucose (Harris, 1941; Maizels, 1949), and the fact that 
fluoride and iodoacetate interfere with cation transport suggests that the energy 
needed is acquired during normal processes of glycolysis or respiration, and 
presumably the former, since respiration in the red cell is very slight. The 
detailed effects of these inhibitors present features of interest. Thus, in the case 
of fluoride, breakdown of phosphoric esters is much decreased (Table 2, Exp. 1, 
and Table 3, Exp. 1) presumably because of the inhibition of enzyme systems 
acting between the phosphoglycerate-phosphopyruvate stages. As a result, the 
balance between dephosphorylation and rephosphorylation of adenylic acid 
fails and hydrolysable phosphate is much decreased ; at the same time glycolysis 
is inhibited and the blood system liberates very little acid during incubation. 
lodoacetic acid likewise inhibits glycolysis and acid production and here 
(Table 2, Exp. 2) alkali was added at the beginning of incubation to neutralize 
the acidity of iodoacetic acid added as such and not to neutralize any acid 
metabolites that might be produced during incubation. Monoiodoacetate 
differs from fluoride, however, in that it leads to a considerable liberation of 
inorganic phosphate presumably because it stops the cycle between 3-phospho- 
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glyceraldehyde and 1, 3-diphosphoglycerate and so disturbs the balance 
between de- and re-phosphorylation of 2, 3-diphosphoglycerate: progressive 
breakdown of the latter then providing most of the inorganic phosphate liberated 
under the influence of iodoacetate. This inorganic phosphate set free should 
suffice to maintain the level of hydrolysable phosphate; its failure to do so 
suggests that iodoacetate interferes with the rephosphorylation of adenylic 
acid. } 

Cyanide, azide and carbon monoxide. It has already been suggested that in 
view of the slight respiration of non-nucleated erythrocytes, it is unlikely that 
respiratory mechanisms could contribute to cation transport. This view is 
confirmed by the failure of cyanide, azide and CO to inhibit output of Na and 
uptake of K (Table 3, Exps. 2 and 3, and Table 4). These substances inhibit 
cytochrome oxidase, and hence the usual oxidative routes may be excluded 
as energizers. There remain oxidative systems not involving cytochrome: how 
far these function under normal conditions is by no means clear; but in the CO 
experiments where gas was bubbled through blood for half an hour, it is 
unlikely that any respiratory process could function. It therefore seems clear 
that active cation movements are energized by glycolysis whether O be present 
or not. One other point is of interest here: all these agents, cyanide, azide, 
CO and also dinitrophenol, increase the rate of aerobic glycolysis so that this 
exceeds (though not greatly) glycolysis observed in untreated controls; this is 
an example of inhibition of the Pasteur effect observed in the case of erythro- 
cytes and many other tissues (for references, see Burk, 1939). Nevertheless, 
the increased glycolysis is not accompanied by increased active transport, 
possibly because all these.agents. while increasing glycolysis, tend to inhibit 
phosphorylation. It is likely that. high energy phosphate bonds mediate in 
active transport and this may account for the absence of increased transport, 
in spite of the more rapid glycolysis. It follows that the rate of glycolysis is not 
necessarily an index of metabolic efficiency. 

4, 6-dinitrophenol. Many observations have been made on the action of this 
substance which appears to be twofold: it stimulates glycolysis and also 
respiration (Dodds & Greville, 1934). The extent to which each is affected varies — 
with the tissue or cell and substrate (Pickett & Clifton, 1941). This absolute 
increase of metabolic activity appears to be due to a diversion of substances 
normally incorporated into the cell substance to glycolytic or respiratory 
breakdown or, in other words, to a failure of synthesis. It may be noted that 
when increased respiration occurs with dinitrophenol, it is cyanide sensitive 
(Bodine & Boell, 1938) thus differing from the respiration stimulated by 
methylene blue, which is cyanide insensitive. In the erythrocytes of the goose, 
dinitrophenol causes a marked increase of glycolysis and respiration (de Meio & 
Barron, 1935), but with the non-nucleated mature human erythrocyte increased 
respiration does not occur, nor is it to be expected, since dinitrophenol, 
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unlike methylene blue, is not a H acceptor. But as increase of glycolysis does 
in fact occur and can hardly be due to a block in synthesis, it must be ascribed 
to an increase in the rate of glycolysis and not to an absolute increase in the 
amount of substance glycolysable. The extra glycolysis induced by dinitro- 
phenol seems to follow the usual cycle since it is inhibited by iodoacetate 
(Ronzoni & Ehrenfest, 1936), and so the absence of increased active transport 
in the presence of this agent may perhaps be attributed to interference with 
phosphorylation. This interference is illustrated in Table 3, Exp. 3, and Table 6, 
Exp. 1: it has been noted previously by Loomis & Lippman (1948) and by 
Judah & Williams-Ashman (1949). 

It may be observed that the optimum-stimulating dose of dinitrophenol 
varies with the system examined and perhaps with the amount of protein in 
the system. In the case of human red cells the optimum appears to lie between 
0-2 and 1-2 mm./l.; with higher concentrations slight haemolysis occurs and 
active transport fails. 

Mepacrine. According to Haas (1944) mepacrine inhibits respiration by 
competing with riboflavine phosphate for cytochrome reductase, and it also 


_ prevents the conversion of glucose-6-phosphate to phosphohexonic acid. Hence, 


mepacrine should be without action on active cation transport which is energized 
by glycolysis. This is in fact the case, though output of Na is obscured by effects 


of mepacrine on permeability. That active output does occur, however, is made 


clear by reference to a time curve (Table 5, Exp. 2a, d and e); the matter is 
discussed more fully in an earlier section. 

Arsenite. This agent acts mainly on the aerobic phase of metabolism, in- 
hibiting the oxidation of pyruvate (Peters, Sinclair & Thompson, 1946). Hence 
it should leave cation transport unaffected. But, in fact, fall in cell Na is less 
than in arsenite-free controls, while uptake of K against the concentration 
gradient is little affected (Table 5, Exp. 3). The findings resemble those obtained 
with mepacrine, and may similarly be due to permeability changes giving 
a marked rise of cell Na early in incubation followed by a fall of normal extent 
which leaves cell Na at the end of incubation higher than in the controls. 
Arsenite in the concentrations used always caused slight haemolysis, and this 
may be associated with changes in permeability. Arsenite also had some inhibi- 
tory effect on glycolysis, presumably exerted directly on the glycolytic cycle. 

Malonate. This substance inhibits respiration by competing for succinoxidase. 
It should therefore have no action on active transport. Table 6, Exp. 2, shows 
that this is the case. 

Methylene blue. Nucleated red cells and reticulocytes have co-existing 
respiratory and glycolytic cycles, while glycolysis predominates in adult cells 
and respiration is negligible. But addition of methylene blue, which is a H 
acceptor raises 0 consumption to the levels found in nucleated cells (Harrop & 


Barron, 1928). This form of respiration is cyanide resistant, and so differs from 
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the usual respiratory process. The presence of methylene blue in amounts 
sufficient to increase greatly the disappearance of glucose appears to leave 
active transport unaffected. There are two possibilities: (a) cyanide-resistant 
respiration is associated with partial inhibition of glycolysis but by contributing 
to active transport maintains the usual output of Na and uptake of K ; (6) glyco- 
lysis goes on side by side with, and uninhibited by, the cyanide-resistant respira- 
tion induced by methylene blue and since cation movements are not increased 
by the dye, they must be motivated solely by glycolysis. Preliminary investiga- 
tions (Judah and Maizels) show that the addition of fluoride may be so adjusted 
as to inhibit glycolysis and to leave cyanide-resistant respiration practically 
unaffected; under these conditions, active transport fails. Hence, the second 
possibility indicated above is probably correct. In this connexion it may be 
noted that barley roots contrast with erythrocytes in that they need to respire 
in order to effect active transport, but the induction of cyanide-resistant 
respiration with methylene blue, so far from increasing salt accumulation, 
inhibits it (Hoagland & Broyer, 1942). 
Inhibition of phosphorolysis by methylene blue remains unexplained. 


Glucose and other possible sources of energy for activation cation transport 

Glucose, mannose, fructose and galactose. Of these, the first three energize 
active transport; galactose does not and its failure to figure in the glycolysis 
cycle is associated with the loss of very little sugar from the system and with the 
rapid hydrolysis of easily hydrolysable and other phosphoric esters (Tables 7 
and 8). Fructose is peculiar in that with high fructose bloods (as in the un- 
rocked system of Table 7, Exp. 14k) there is marked active transport and 
phosphorolysis is no greater and may be less than in glucose systems; indeed, 
there is an actual synthesis of easily hydrolysable phosphate. In low fructose 
bloods, on the other hand (as in the rocked systems of Table 8, Exp. 1) loss 
of fructose from the incubated blood is less than loss of mannose or glucose from 
corresponding systems. Cation transport is less effective and no synthesis of 
hydrolysable phosphate is seen. The findings suggest that the reaction rates of 
the several parts of the glycolytic cycle vary with the kind and amount of sugar 
participating; they cannot be explained by variations in the penetration rates 
of these sugars, for though such variations may well exist, all penetrate freely 
during cold-storage and incubation under the experimental conditions set up. 
The findings correspond with those of Meyerhof & Geliazkowa (1947) who show, 
in the case of brain and sarcoma slices, that glucose and mannose give active 
glycolysis, that galactose is always inactive and that fructose is relatively 
inactive in 0-2% solution but glycolyses as rapidly as glucose in 2% solution. 
These findings also occur in homogenates and are not due to failure of the 
sugar to penetrate tissue cells. The writers attribute the findings to different 
affinities of the sugar for hexokinase so that at low concentrations the affinity 
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of fructose approximates to that of galactose and at high levels to glucose and 
mannose. In the case of red cells too, it has been found that hexokinase phos- 
phorylates glucose, mannose and fructose, but not galactose (Christensen, 
Plimpton, Calvin & Ball, 1949), while according to Spicer & Clarke (1949) 
erythrocytes of dog, cat and rabbit metabolize glucose, mannose and 
fructose readily and galactose only slightly. So too, glucose, mannose and 
fructose, but not galactose, serve to maintain motility in spermatozoa (Mann, 
1949). 

Arabinose, xylose, maltose and lactose (Tables 9 and 10). These are associated 
with the liberation of very little acid during incubation as compared with the 
glucose containing controls, and cation transport is slight. Nevertheless, 
passive increase of cell Na, evident in the simple glucose-free systems (Table 9, 
Exp. 11, m, and Table 10, Exp. 1 n, 0) is absent and a small output of Na 
occurs. This may be explained in several ways: (a) The sugar added is meta- 
bolized; this is unlikely on general grounds and more especially because 
dephosphorylation of esters, including those that are easily hydrolysable, is no 
less in the presence of arabinose, xylose, lactose and maltose than it is in the 
cells of glucose-free bloods; further, the disappearance of reducing substances 
during the incubation of these systems is very small. Finally, though pentoses 
penetrate human erythrocytes readily, it is known that disaccharides do not 
(Kozawa, 1914); Table 10 shows that after incubation with lactose or maltose, 
about 100 mg.% of the sugar are associated with the cells, but preliminary 
investigations suggest that this is adsorbed on the cell surface and does not 
penetrate. (b) The natural glucose present in blood persists during cold- 
storage and promotes a little active transport during incubation; against this is 
the observation that no Na output occurs in glucose-free samples. (c) Glucose 
present as an impurity in the sugar added is the cause of the output. In fact, 
however, pentoses and disaccharides were shown to be free of glucose, except 
for maltose which evolved a trace of gas on fermentation with yeast. (d) It will 
be shown later that only a small part of the energy set free by glycolysis is 
available for active transport and it is possible that sugars, themselves not 
glycolysed might in some way divert energy from other cell activities to trans- 
port, the source of energy being natural blood glucose surviving after cold- 
storage. (e) These sugars by decreasing the permeability of thecell membrane 
would check simple diffusion of K and Na and so favour whatever cation 
transport might be possible. 

However this may be, it is clear that output of Na in the presence of arabinose, 
xylose, lactose and maltose is very small, that the sugars themselves probably 
do not participate in any chemical cycle and that their effects compared with 
those of glucose, fructose and mannose, are insignificant. 

Saccharose. This sugar, which does not penetrate erythrocytes, was incapable 


of supporting active transport. 
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Pyruvate. Energy can only be derived from pyruvate (or lactate) by 
respiratory processes, and since cation transport in human red cells depends 
on glycolysis, it is not to be expected that pyruvate or lactate will act as 
energizers and experimentally this is found to be the case (Table 7, Exp. |). 
Nor is it to be expected that the addition of pyruvate to systems incubated 
with fluoride or iodoacetate would help to originate active transport, for though 
tissues poisoned with these agents may respire when pyruvate or lactate is 
added, they will not manifest glycolysis on. which, in red cells at least, active 
transport depends. Nevertheless, the addition of pyruvate to blood incubated 
with fluoride or monoiodoacetate does as a rule lower the Na level by 2 or 
3 m.equiv./l. as compared with the pyruvate-free system (Tables 2 and 3). 
Further, it has been seen that fluoride causes cell haemolysis, not due to osmotic 
swelling and possibly metabolic in origin ; this lysis is also inhibited by pyruvate. 
The findings are paralleled by those of Wilbrandt (1940) which show that the 
permeability of red cells increases in the presence of fluoride and that the 
increase is abolished by the addition of pyruvate. Presumably, the lytic effect 
of fluoride has a metabolic basis; the cause of inhibition by pyruvate is obscure. 

Phosphoric esters. As these do not penetrate the erythrocyte membrane 
(Hevesy & Aten, 1939) their capacity to energize cation transport cannot be 


investigated. 
Types of cation transport 

Is hea heen seen thet of sotive teansport in human erythrocytee 
incubated after cold-storage, there is a marked output of Na, with a lesser 
compensatory uptake of K and a net loss of total base (Flynn & Maizels, 1949). 
The transport tends to keep cell base, water and volume constant and so prevent 
cell swelling and rupture by physical forces: this mechanism may well be common 
to all individual cells unprotected by an internal or external resistant structure. 
The process is inhibited by fluoride and iodoacetate, but not by cyanide, CO or 
azide, and depends not on respiration but on glycolysis. 

With regard to energy available (Table 1), it has been seen that with external 
Na rising from 120 to 122 m.equiv./l., cell Na falls from 52 to 32 m.equiv. after 
6 hr. incubation with a conversion of 9 mm. glucose to lactic acid and the 
liberation of energy equivalent to about 500 calories; this has to provide for 
a total output of Na which exceeds the apparent output (20 m.equiv./l.) by an 
amount equal to Na diffesi:ng into the cells passively. E. J. Harris (personal 
communication) calculates that apparent output requires 4-8 cal./hr. and the 
total about 7-2 cal./hr.; this is less than 10°%, of the 80 cal./hr. liberated in the 
first 6 hr. incubation. 

In contrast to this form of active transport in and out of cells.for their 
individual purposes, is active transport through or across a membrane of cells. 
An example of this is the passage of Na through the frog’s skin from a low- 
external to a high-internal level (Huf, 1935; Ussing, 1949); but this process is 
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inhibited by cyanide even at the optimum pH of 8 (Ussing, 1949) and also by 


monobromacetate, though with the latter some transport may be restored by 
adding pyruvate (Huf, 1935). It follows that respiration and not glycolysis is 
responsible for transport across the frog’s skin. The activity serves to replace 
Na loss by renal excretion; it is conceivable that this could be accomplished by 
an anaerobic mechanism, but possibly anaerobic conditions do not provide 
enough energy for the rapid transport of sodium ions from the low level of 
pond water to the high level of plasma. A respiratory mechanism also seems to 
account for the expulsion of Na by the distal convoluted tubule of the frog’s 
kidney, for here also output is inhibited by cyanide (Conway, Fitzgerald & 
MacDougald, 1946). With regard to frog’s muscle, Conway (1947) states that 
the metabolism of the resting muscle does not provide enough energy for ex- 
pelling Na, and he holds that the high K and low Na levels are maintained almost 
entirely by physical means—a view which he supports by the observation that 
the anomalous cation distribution is unaffected by the presence of cyanide. But 
as we have seen, absence of respiration is no bar to some forms of transport and 
since, according to Harris (1950), active expulsion of Na from frog’s muscle 
only requires about 15°, of the total resting energy available, the existence of 
active transport in frog’s muscle seems probable. 

- Another example of active transport is furnished by barley roots (Lundegardh, 
1945) which take up and concentrate ions preferentially from dilute solutions; 
the process is poisoned by cyanide, and the energy needed is apparently derived 
from glucose by way of respiration. It is noteworthy that this form of active 
transport has as its object not only the selective removal of ions, but also the 
formation of a sap with a pressure of several atmospheres. We have thus 


considered three types of active transport, one in red cells leading mainly to 


cation exchange with little osmotic work and the others, in frog’s skin and 
barley roots, requiring much osmotic work. The former involves cells as 
individual units, is based on glycolysis and is presumably phylogenetically 
older than transport across a film or community of cells where respiration 
provides the energy. How far this finding is general, is a matter for 
further investigation. 


Mechanisms for active transport 

Most workers are agreed that simple mechanical models cannot explain 
selective transport. Thus, following Teorell’s model (1935), continuous produc- 
tion of acid based on glycolysis in erythrocytes during incubation would lead 
to escape of mobile H ions to the exterior, the interior of the cell becoming 
negatively charged and attracting external K and Na. Since Na is presumed to 
penetrate more slowly than K, the latter might be expected to accumulate. 
However, this device cannot explain passage against the gradient of Na already 
in the cell, more especially when Na expelled exceeds K taken up. 
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Conway’s views (1947) on K accumulation in muscle are also not applicable 
to the human erythrocyte. He suggests that amino-acids and inorganic phos- 
phate can diffuse in and out of muscle cells, but during rest these substances on 
entering the cells are converted into large protein and phosphoric ester mole- 
cules, which are then unable to diffuse out of the fibres. If permeability of the 
muscle fibre to Na is slight and K considerable, K will enter greatly in excess of 
Na to combine with the new-formed non-diffusible anions; during activity 
these changes will be reversed. Such mechanisms, however, are not attributable 
to the human erythrocyte, first because the cell gains K during incubation at 
a time when total cell phosphate is falling (examples will be found in all the 
tables); secondly, even though Na were to penetrate red cells with extreme 
slowness, this would not explain why Na already in the cell is expelled against 
a gradient during incubation: rather the reverse. Conway states that the 
erythrocyte is ‘essentially a moribund cell’; Krogh’s (1946) views are at variance 
with this and it would seem more correct to regard the red cell as an adult 
structure which has lost its nucleus in specialization for O carriage, and in view 
of the fact that it has a life span of up to 3 months, has an active and complex 
metabolic cycle and is capable of expelling 20 m.equiv./l. Na in 6 hr. against 
a considerable contrary gradient, the cell can in no sense be considered as 
senescent. The view is preferred (Maizels, 1949) that expulsion of Na is a primary 
activity and uptake of K secondary, the object being maintenance of constancy 


of cell composition and volume in the face of the erythrocyte’s high content of 


non-penetrating anion and of its permeability to inorganic anions and cations. 

With regard to possible mechanisms for the actual expulsion of Na from 
cells, Conway (1947) supports a pore theory. He suggests that expulsion may be 
accomplished by a dehydrating device (within the cells) resulting on the one 
hand in a high external concentration of slowly penetrating hydrated Na ions 
and a low internal level, and on the other hand in a high internal concentration 
of rapidly penetrating dehydrated Na ions with a low external concentration. 
The view implies that normally in a watery medium a small proportion of Na 
ions are not hydrated. It is difficult to imagine any way in which the cell might 
bring about this active dehydration, but in any case it could only work in a 
two-phase system consisting of the dehydrating cell and the hydrating exterior. 
It could not work in the three-phase red-cell system with a dehydrating 
membrane separating external and internal hydrating phases, for in this case 
hydrated Na ions received from the exterior and dehydrated by the cell 
membrane, would still diffuse to the phase where the concentration of 
dehydrated Na ions was lower, that is to the cell interior. 

In fact, although uptake of K secondary to Na output can readily be 
understood, there is no clear explanation of the immediate method of Na output. 
There must clearly be an initial selective binding of Na on the inside of the cell 
membrane, transmission to the external face and release there. It is commonly 
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assumed that K is more strongly adsorbed than Na, but Hodgkin (1947) 
remarks that ‘the tendency of sodium to combine with a lipoid soluble carrier 
might conceivably be greater than that of potassium’. Expulsion of Na would 
then follow ‘if there were a continuous production and leakage of the carrier 


or if the carrier remained in the cell membrane, but was altered chemically in 


a cyclical manner as a result of metabolic activity’. Hodgkin thus offers 
alternatives of which the second is more probable, since it is unlikely that the 
adult red cell has the power of continually producing lipoid carriers. Lundegardh 
(1945) suggests that random rotation of surface molecules may suffice to carry 
ions to the cell exterior provided that a detaching mechanism co-exists; he 
further suggests that some types of active transport might be mediated by a 
cytochrome system. This may well be so, though the mechanism envisaged is 
not primarily selective nor is it applicable to human erythrocytes which do not 
respire. That the cell membrane is a dynamic structure is supported by the 
observations of Pulvertaft (1949) who, with the phase-contrast microscope, 
found the red-cell membrane to be in continuous shimmering movement— 
a phenomenon which decreased with time and was inhibited by fluoride. 

Finally, these theories are merely intended: to indicate possible modes of 
action in an obscure phenomenon and to suggest future lines of research. Our 
actual knowledge is limited to the obvious facts that Na adheres to the inside 
of the cell surface, is carried to the outside and detached there. 


SUMMARY 


1. When human blood is cold-stored cations flow with the concentration 
gradient, Na rising and K_ falling in the cells. On incubating the cold-stored 
blood without added glucose these movements are all accelerated, but on 
incubation in the presence of extra glucose the cation flow is reversed so that 
cell Na falls and K rises, in each case against the respective concentration 
gradients. 

2. Glucose, mannose and fructose all energize cation transport. Mannose is 
as effective as glucose. Fructose is as effective as glucose when present in high 
concentration, but when the fructose concentration is low active transport is 


_ touch less than in systems containing a correspondingly low level of glucose. 


3. Galactose, arabinose, xylose, the disaccharides, pyruvate and lactate do 
not energize active cation transport. é 
4. The energy for active transport in human erythrocytes is an accompani- 


-. ment of glycolysis and not of respiration. 


5. When glucose or mannose are present in incubated blood, the cells liberate 
acids with a decrease in sugar and in phosphoric esters, including hydrolysable 
phosphate. Similar findings occur with fructose systems, except that hydro- 
lysable phosphate increases above the cold-storage level. In the absence of 
glucose, mannose or _eee erythrocytes liberate little acid during —" 
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phosphorolysis is hastened and hydrolysable phosphate practically disappears | 
within 18 hr. | 


6. Fluoride and monoiodoacetate tend to inhibit glycolysis and also active 
transport. The disappearance of hydrolysable phosphate is hastened by both 
agents, but apart from this ester, phosphorolysis is hastened by iodoacetate 


and delayed by fluoride. | 


7. Inhibitors of cytochrome systems—cyanide, azide and CO—do not 
inhibit active transport, unless their concentration is very high and then the 
effect is probably non-specific. 

8. Other inhibitors of respiratory processes are also without significant effect 
on active transport (unless their concentrations are relatively high). Such 
agents are dinitrophenol, malonate, mepacrine and arsenite, though the last 
two may cause an apparent decrease in transport through their effects on 
permeability. 

9. Cyanide, azide and dinitrophenol hasten aerobic glycolysis and also 
phosphorolysis, but increased consumption of glucose is not accompanied by 
increase in active cation transport. 

10. Methylene blue hastens the disappearance of glucose but inhibits phos- 
phorolysis; active transport is not accelerated by the dye. 
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THE EFFECT OF ADRENALINE ON 
THE GUINEA-PIG INTESTINE 


By A. F. MUNRO 
From the Department of Physiology, King’s College, University of London 
(Received 26 January 1950) | 


The inhibitory effect of adrenaline on the tone and rhythmic contractions of 
the mammalian small intestine is a well-known phenomenon. Observations 
have from time to time been reported, however, which suggest that adrenaline 
may also have a stimulating action on the muscle of the intestinal wall. 
Bunch (1898) observed augmentation of intestinal contraction in some instances 
after injection of adrenaline or stimulation of the splanchnics. Magnus (1903) 
recorded augmentation of contraction in a single case after adrenaline. Hoskins 
(1912) found that the pendular movements of isolated segments of rabbit 
intestine were inhibited by dilute adrenaline, but with great dilution (1: 400 x 


10°) they were increased. Bernheim & Blocksom (1932) found that adrenaline 
stimulated the muscle of the small intestine of the guinea-pig, subsequent to the 


induction of tone by pilocarpine; but in no case when adrenaline was added 
alone. When studying the reaction of the guinea-pig’s intestine, for another 
purpose, it was found in isolated segments from the terminal region of the 
ileum that adrenaline alone consistently produced longitudinal muscle con- 
traction and sometimes onset of rhythmicity. This paper describes the response 
and certain factors which modify it. | 


METHODS 


The animals were killed by bleeding after a blow on the head. Segments of the ileum about 3 cm. 
in length were suspended in a bath of capacity 60 c.c., containing Krebs’s physiological salt 
solution with 0-18% glucose. Tyrode’s solution with a similar glucose content was employed for 
some experiments and gave comparable results, The Trendelenburg (1917) method of suspending 
the tissue was used and the bath temperature was maintained at 36° C. Adrenaline tablets (Parke 
Davis and Co.) were generally used in the experiments, but the results were checked by using 
crystalline adrenaline (‘Ciba’). The adrenaline was made up to a working dilution of 1:20 x 10° in 
0-9% NaCl, the usual concentration employed in the bath being 1:1 x 10°. The lever length was 
such as to produce a fivefold magnification of the actual contraction. 
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Adrenaline had no apparent effect in any concentration on isolated segments 
7 of the guinea-pig’s jejunum, or the upper part of the ileum. It caused immediate ‘? 
relaxation of tone in segments taken from the duodenum and the large intestine 4 
| (Fig. 1). Segments from the terminal ileum, however, consistently showed | 
| gontraction of the longitudinal muscle layer on addition of adrenaline to the 


| bath fluid. The circular muscle of the same ee sigs si to be relatively 
unaffected by adrenaline. 


of 
| 
1e Fig. 1. Addition of adrenaline at the points indicated by ( |), to produce a concentration of 
1 1:1 x 10° in Krebs’s solution, causes relaxation of longitadinal muscle in isolated segments a 
. from (A) the duodenum, (B) the large intestine of the guinea-pig. ‘a 
3) | 
it 
| 
q 
er 
n- | 
Fig. 2. Variations in the responses of the longitudinal muscle in isolated segments from three 
=. ~ guinea-pigs on adding adrenaline at (+), to give'a concentration of 1:1 x 10° in the bath 
alt ere. from segments of the terminal ileum of the 
or | guinea-pig suspended in Krebs’s solution. 
ke 
ng The form of the varied in different and sometimes 
in even in the same segment. In some the contraction was maintained, in some it 
‘as 


was short-lived and in others the recovery from the contraction was ial 
(Fig. 2). 
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In some animals contractile responses to adrenaline were obtained through- 
out the terminal 9-15 cm. of the ileum, the most vigorous responses occurring 
in the 3-5 cm. immediately adjoining the caecum (Fig. 3). A concentration 
of 1:1 10* adrenaline in the bath gave contractions of similar magnitude to 
those obtained after histamine 1:5 x 10* (Fig. 8B, C). In some animals, the 
adrenaline response was weaker and extended less far along the ileum, whilst 
again in others the response was virtually absent on the first addition of 
adrenaline, but could be obtained with subsequent additions as described in 
the next section. 


Fig. 3. Variations of responses in segments according to their distance from the ileo-caecal 
sphincter, on addition of adrenaline (1:1 x 10*) at { + ). (A), segment of ileum (4 om. in length), 


adjoining caecum ; (B), segment (4 cm. in length), next to (A); (C), segment (4 cm. in length), 
next to (B). | 


Factors influencing the contractile response to adrenaline _ 

_ Relation to dose. With those segments which were observed to be most 

sensitive to adrenaline, increasing the strength of adrenaline in the bath from 
1:40 x 10° to 1:6-3 x 10° led to a progressively increased contraction of the 
longitudinal muscle, the latter dilution apparently producing a maximal 
contraction (Fig. 4). When the first addition of adrenaline produced a maximal 
contraction, further additions without washing even after partial relaxation, 
were for a time much less effective. 

On the other hand, if the additional adrenaline was added about 15 min. 
after the addition of a maximal dose, the resultant contraction was often as 
great as that preceding it. 


«= 


uff 
> 
ere 
a 
> 
Z 4 
ex 
4 


EFFECT OF ADRENALINE ON GUINEA-PIG INTESTINE 87 
Repetition of dose and washing. The usual procedure in evoking successive 


_ contractile responses to adrenaline was to renew the Krebs’s solution in the 
bath each time before adding the drug. When the initial contractile response 


Fig. 4. Increasing the concentration of adrenaline in the bath, causes increased longitudinal 
muscle contraction of a segment from the terminal ileum. The adrenaline concentration was 
at (a) 1:40 x 10*, at (6) increased to 1:13 x 10°, at (c) to 1: 1-7 x 10°, and at (d) to 1:6-3 x 10°. 


Fig. 5. Successive washing with Krebs’s solution of an isolated segment from the terminal ileum, 
results in a progressive increase in the longitudinal muscle contractions, in response to the 
same concentration of adrenaline (1:1 x 10*). Additions of adrenaline were made at ( + ). The 
tracings show the contractions obtained at (A), 1st washing; (B), 4th washing; (C) 7th washing; 
and (D), 10th washing. 


was strong, subsequent contractions also remained uniformly strong. When, 
however, the initial response was weak or apparently absent, washing with fresh 
solution increased the sensitivity of the preparation to the dose (Fig. 5). The 
speed at which the response increased with successive washings varied, but 
usually attained a steady value after the 6th-l0th change. Only in two or 
three segments from the fifty animals examined was this ‘staircase’ response 


to adrenaline absent. The effect did not seem to be associated with recovery of 
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tissue function after excision and handling, since a preparation could be lett 
for an hour or longer suspended in the bath and then show little response to 
a first addition of adrenaline, whereas another preparation subjected toa number 


of washings with saline within the same period, showed & progressive increase in - 


the response to adrénaline. 

Relation to acetylcholine. The effect of acetylcholine on the terminal ileum was 
to produce strong contraction of the longitudinal muscle. There was no gradient 
in response along the ileum corresponding to that obtained with adrenaline. 
The consistency of the Contractile response to acetylcholine in different animals 
compared strikingly with the variability in adrenaline response. 


Fig. 6. The longitudinal muscle response to adrenaline (1: 1 x 10*) of an isolated segment from the 
termina] ileum, in Krebs’s solution containing ephedrine (1:2 x 10°) is less than when adren- 
aline alone is present. At (a) adrenaline (1:1 x 10*); at (6), the tissue was washed. Ephedrine 
to concentration (1:2 x 10°) at (c). Without again Washing the tissue adrenaline to concentra- 

1: 1x 10* added at (d). 


Response in the presence of other drugs 

Ephedrine. Ephedrine in concentrations up to 1;2 x 10° did not produce any 
contractile response from a segment which was already sensitive to adrenaline. 
In contrast with the sensitizing action of ephedrine on the adrenaline response 
of such tissues as the nictitating membrane (Gaddum & Kwiatkowski, 1938), 
it was found that the presence of ephedrine in the bath in a concentration of 
(1:1 x 10%) had no effect on the subsequent response to adrenaline, while 
higher concentrations of ephedrine (1:2 x 10°) actually diminished it (Fig. 6). 
With subsequent washings, the response to adrenaline attained its original 
level. 

Cocaine. The presence in the bath of cocaine hydrochloride in concentrations 
varying from 1:1 x 10* to 1:5. x 10* had little apparent effect on the adrenaline 
response except, possibly, for a very slight potentiation in the lower concen- 
tration of cocaine. There was no depression of the response as with ephedrine. 
_ Ergotoxine. When ergotoxine (1:5 x 10*) alone was added to the bath it usually 
had either no effect or produced a feeble evanescent contraction. Occasionally, 
after repeated changes of the bath fluid, which resulted in an enhanced re- 
sponse to adrenaline, the sensitivity to ergotoxine was also increased... 
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The addition of ergotoxine to produce a concentration of 1:1 x 10* at the 
height of an adrenaline contraction resulted in a superimposed contraction. 
When the same dilution of ergotoxine was left in contact with the tissue for 
2-3 min., the addition of adrenaline had no effect, although a strong contraction 
was still obtained with acetylcholine (1:40 x 10°). 

Atropine, The contractile response to adrenaline was obtained after addition 
of atropine in sufficient concentration to abolish the effect of added acetyl- 


9C). 


Fig.7. An isolated segment from the terminal ileum gave no response to adrenaline (1: 1 x 10*) after 
eserine (1:5 x 10*) had been added. (A), Adrenaline to concentration 1:1 x 10° added at (a). 
At (W) the tissue was washed and eserine (1:5 x 10*) added. — later ; 
at (6) adrenaline (1:1 x 10*); at (c) acetylcholine (1:40 x 10°). 


. Eserine.. Addition of eserine (1:5 x 10%) to the bath fluid resulted in very 
strong intermittent contractions of the longitudinal muscle and usually some 
increase in longitudinal muscle tone. A simultaneously maintained contraction 
of the circular muscle was also observed. With this concentration of eserine, 
adrenaline (1:1 x 10°) was ineffective in evoking a contraction from a segment 
which previously gave strong contractile responses to. adrenaline (Fig. 7). 
Eserine in a. concentration of 1:10x.10*, which was insufficient to produce 
intestinal contractions, markedly reduced the contractile response to adrenaline, 
. Histamine, Addition of histamine (1:5 x 10°) gave the usual rapid contrac- 
tion of the longitudinal muscle, followed by a rapid partial relaxation and 
maintenance of tone at an intermediate level. When. adrenaline (1:1 x 10°) was 
then added, it caused initially a superimposed contraction followed by a rapid 
-telaxation of the muscle towards the-resting level (Fig. 8A). When no adrenaline 


was added, it was always observed that the histamine contraction was main- 
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tained for a considerably longer period as indicated by the dotted line (Fig. A). | 

Contractile responses to adrenaline would thus appear to predominate in this 
part of the ileum, but secondary inhibitory responses may be revealed when the | 
| 


initial tone is increased. 


Fig. 8. Shows the reversal of the longitadinal muscle response to adrenaline of an isolated terminal 
segment after addition of ergotoxine. (A), histamine (1:5 x 10*) at (b); adrenaline (1:1 « 10*) 
at (a). (B), adrenaline (1:1 x 10*) at (2). The drum was stopped and the tissue was then washed 
(W) and ergotoxine (1:1 x 10*) added to the Krebs’s solution in the bath. (C), the same tissue 
10 min. later; at (5) histamine (1:5 x 10*); at (a) adrenaline (1:1 x 10°). The dotted line 


(Fig. 8A) shows how a contraction by histamine is normally maintained when adrenaline | 


abolished the motor response on’ the addition of adrenaline, leaving the in- | 
_ hibitory response unaffected (Fig. 8C). Similar motor and inhibitory effects of | 


is not added. 


_ The addition of ergotoxine did not prevent contraction by histamine but 


adrenaline before and after addition of ergotoxine could be obtained when 
terminal segments were initially contracted by acetylcholine. 

Nicotine. After nicotine (1:1 x 10°), which itself caused initially a strong 
contraction followed by relaxation, there was with adrenaline either an absence 
of any contraction (Fig. 9A) or, where nicotine produced an increase in tone, 
relaxation (Fig. 9B). Fig. 9A also shows that the effect of nicotine was not 


generally depressant on the tissue, since the acetylcholine response remained j}- 


strong. When nicotine was added at the height of an adrenaline contraction 
the result was immediate relaxation of the longitudinal muscle (Fig. 9C). The 
previous atropinization of the segment was not responsible for the nicotine 
relaxation of the adrenaline contraction, since the effect was also obtained in 
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. a fresh segment. Nicotine, however, ey inhibited an acetylcholine 
s }  ontraction (Fig. 9D). 


= 
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Fig. 9. (A), nicotine (1: 1000) had been present for 5 min. in the Krebs’s solution containing the 
isolated terminal ileum. At (a) adrenaline (1:1 x 10*); at (6) acetylcholine (1:40 x 10*). 
(B), another terminal segment nicotinized as in (A); at (a) adrenaline (1:1 x 10*) causes re- 
laxation of the longitudinal muscle; at (b) acetylcholine (1:40 x 10°). (C), another terminal 
segment suspended in Krebe’s solution containing atropine (1:8 x 10°), added 10 min. previous _ 4 
to addition at (a) of acetylcholine (1:40 x 10*); at (6) adrenaline (1:1 x 10*); at (c) nicotine 7 
(1: 1000) in the bath. (D), another terminal segment suspended in Krebs’s solution. Acetyl- 
choline (1:40 x 10*) at (a); nicotine 1: 1000 at (6). 


Individual variations in response to adrenaline. The reason for the great 
variation in the strength of the initial adrenaline response in isolated segments . 
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from different animals is still obscure. 
with adrenaline, the segment was usually, but not invariably, from an animal 
which had not been fed that day. The sex of the animal did not appear to 
modify the response. Stronger initial responses, however, tended to be found 
with segments from younger animals. | 


DISCUSSION 


The foregoing experiments show that the effect of adrenaline on the intestine 
of the guinea-pig varies along its length from one of inhibition of tone and 
rhythm in the duodenum to increase of tone and rhythmic response in the 
lower part of the ileum, whilst the effect on the large intestine is again one of 
inhibition. | 

The experiments also indicate the existence of a dual action of adrenaline on 
the terminal ileum of the guinea-pig, but the mechanism responsible is by no 
means clear. Heinekamp (1925) found that in the dog’s intestine, adrenaline 
stimulation subsequent to tonic contraction of the muscle by eserine was 
abolished by atropine. This would relate the effect to the liberation of acety|- 
choline at the nerve endings in the muscle. Chakrabarty (1947) also found that 
a stimulating effect of adrenaline after eserine in the rabbit ileum was abolished 
by atropine as well as by cooling the gut for more than 48 hr., and by nico- 
tinization. The present observations differ from the above in the absence of any 
inhibitory effect of atropine on the adrenaline response; but the experiments 
with nicotine support the view that contraction with adrenaline is in some 
way dependent upon the fanctioning of ganglionic elements in the muscular 
wall. 

The question arises whether contraction is wihasel directly by the action 
of adrenaline or whether the latter enhances the production of another mediator, 
e.g. acetylcholine. Biilbring & Burn (1942), for instance, have shown that the 
action of acetylcholine on sympathetic ganglia is potentiated by adrenaline. 
If the increased activity in the intestine is due to the liberation of acetylcholine 
by post-ganglionic fibres, the absence of an increased response after eserine 
and the continuance of effect after atropine is puzzling. The action might, 
_ however, occur by way of central cholinergic fibres, in which case atropine 
would be unlikely to prevent it. . 

The possibility that nervous elements are implicated in the reaction of the 
terminal ileum to adrenaline rests on the supposedly specific inhibition of 
ganglionic function by moderate concentrations of nicotine. When it is found 
that a contraction induced by acetylcholine is relaxed by nicotine, doubts 
arise whether the paralysing effects of this substance are not extending to 
other elements of the tissue. On the other hand, nicotine did not prevent the 
response of the relaxed tissue to acetylcholine. It may be that smooth muscle 
in the contracted state shows different reactions to a drug than when relaxed. 
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‘The dual response obtained (Fig. 8A) when adrenaline is added during tonic ¥ 

\ contraction of a segment by histamine is possibly an example; another may be % | 
Bernheim & Blocksom’s observation (1932) that guinea-pig ileum responds to 4 

| | adrenaline by contraction only after the induction of tone by pilocarpine. I, 


However, the fact that ergotoxine can reverse or abolish the response to 
| adrenaline suggests a direct effect of the latter on the receptors in the muscle. 
| | That the terminal region of the ileum in different species responds somewhat 

differently from higher levels has been commented on ‘by various workers. a 
Alvarez (1915), for instance, observed a gradient of rhythmicity in the last y 
| 25 cm. of the rabbit ileum, extending upwards to the ileo-caecal sphincter, and q 
he suggested that the reversal of the general gradient in this region prevents 1 
| material from packing too strongly against the sphincter. Barclay (1936) | 
| observed that the last few inches of the human ileum seem to be different in 
} function from the part above, and that the region is apparently in a state of 
| persistent tone, contrasting sharply with the restlessness of the duodenum and 
remainder of the ileum. 


| These observations would appear to associate closely this region of the ileum ni 
with the ileo-caecal sphincter, in controlling the transfer of the ileal contents | 4 | 
to the large intestine. Observations on the human subject indeed suggest that q 
# the sphincteric responses are identical with those of the terminal ileum (White, q 
Rainey, Monaghan & Harris, 1934). Ellott’s experiments (1904) on the cat, q 
however, indicate opposite and sharply differentiated responses of the ileo- a 
caecal sphincter and the adjacent gut wall to adrenaline, except for a band q 
about 1 cm. broad on either side of the sphincter. It would seem that there are q 
| species variations in the response of this region and indeed of other levels of 7 
the bowel to adrenaline. Brunaud & Labouche (1947), for instance, found that f . 
| isolated duodenal segments from the horse were contracted by adrenaline. a 
| King & Arnold (1922) found that splanchnic stimulation relaxed the outer a 
| muscular coat of the dog’s intestine but contracted the muscularis mucosae. — q | 
| If the latter were sufficiently developed in the terminal region of the guinea-pig | | | 
ileum, it might account for the adrenaline contractile response. A histological i 


| _ examination of the ileum at different levels is being made to examine the point. 
) Further observations are also being made to establish how far the responses to 
adrenaline of isolated segments correspond to those of the same region when 
stimulated in vivo. 


SUMMARY 
_ 1. Adrenaline causes contraction of isolated segments from the lower end i 
| of the guinea-pig intestine and relaxation of those from the upper end. if 
| 2. The response to adrenaline remains in the presence of atropine, but is F 
| antagonized by eserine, nicotine or ergotoxine. 4 

3. The possible relation of the response to that of the ileo-caecal sphincter, q 
| in controlling the transfer of food to the colon, is considered. | F 
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I am very grateful to Prof. R. J. 8. McDowall for advice during the course of the experiments. 
Thanks are also due to Mesars Parke Davis and Co. for providing the adrenaline chloride used ii 
the experiments. 
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THE ACTION OF ADRENALINE ON THE RATE OF LOSS 
OF POTASSIUM IONS FROM UNFATIGUED 
STRIATED MUSCLE 


By M. GOFFART* anv W. L. M. PERRY 
From the National Institute for Medical Research, Mill Hill, London, N.W. 7 
(Received 27 January 1950) 


' Small doses of adrenaline cause an increase in the maximal twitch tension of 


unfatigued mammalian muscle. The effect appears to be closely related to 


_ the concentration gradient of potassium ions across the cell membrane, since 


Goffart & Brown (1947) and Goffart (1947) found that excess of K+ ions in the 
fluid bathing the muscle reduces the effect of adrenaline, and that depletion 
of the intracellular K+ ions, produced by feeding an animal on a low potassium 
diet, may reverse the potentiating effect. 

“he recent finding of Brown, Goffart & Vianna Dias (1950), that adrenaline 
“aces changes in the demarcation potential of muscle, lends further support 
tu the idea that this adrenaline effect is associated with changes in ionic dis- 
tribution. We have studied the effect of adrenaline on the output of potassium 
from mammalian muscle in order to obtain more direct evidence of the relation- 


- ship between potassium and the effect of adrenaline on the twitch tension and 


demarcation potential of muscle. Experiments were carried out to measure 


_ the rate of loss of K+ ions across the muscle-cell membranes, making use of the 
Tadioactive isotope of potassium—*K. 


METHODS 


: Some early experiments were made on the cat’s extensor digitorum longus perfused with plasma. 


This muscle has a theoretical advantage over the more commonly used tibialis anterior preparation, 
in that both its origin and its insertion are tendinous, and a complete isolation of the muscle is 
therefore more easily effected. The cat was anaesthetized with chloralose, the leg muscles were 
dissected, and the isolated extensor digitorum longus was perfused through its arterial system with 


- Rormal cat’s plasma. The muscle was stimulated through the sciatic nerve in the thigh with 


Maximal shocks of 0-2 msec. duration at a frequency of | in 10 sec. throughout the experiment. 
The effluent from the veins was collected and measured. The cat either received an intraperitoneal 
injection of a 1% solution of **KCl some 3-4 hr. before the experiment began, or else a 
More dilute solution of “KCl in plasma was perfused through the muscle for about 30-60 min. 


* With a grant from Patrimoine de I’ Université de Liége, Belgium. 
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in the first part of the experiment. In both cases the muscle was thus ‘loaded’ with radioactive 
potassium before the experiment proper began. In experiments in which the loading was carried 
out by intraperitoneal injection of the cat, the dose given on the first day was 25 ml. of a 1%, 
solution of irradiated KCl; the ratio of “*KCl to * KCI in the solution is not known. The samples 
of venous effluent collected from the muscle contained an amount of ““K which could be 
measured by counting the f radiations in a Geiger-Miiller fluid counter; and the extent to which 
experiment. 

flow of the perfusion fluid, which influence greatly the potassium output, the method was later 
abandoned in favour of one based upon that described for nerve by Keynes (1948), using an isolated 
strip of rat’s diaphragm. 

The experiments on the rat’s diaphragm were designed to record the radioactivity present in || « 
muscle cells rather than in the perfusate leaving a muscle. Keynes (1949) has shown that the 
radioactivity in the extracellular fluid is rapidly washed out in the first few samples of effluent, and 
we were able to confirm this. It had been shown by Noonan, Fenn & Haege (1941) that the 
diaphragm of the rat is ‘loaded’ very rapidly after an intraperitoneal injection of “KCl. We found 
that after such an injection of 5 ml. of a 1 % solution, a convenient concentration in the diaphragm 
was reached in about 1-2 hr. A rat was killed by a blow on the head, the thorax opened and a strip 
_ of diaphragm was carefully removed so that one end of the strip was left attached to the rib margin 

and the other consisted of the central tendinous part of the muscle. The strip was removed by two 
single parallel cuts from rib margin inwards, so that the fibres of the muscle, which run in this 
direction, were not cut transversely. This is very important since there may be considerable K+ loss 
from damaged or transected fibres. The strip of diaphragm was stretched out and pinned in a 
trough cut in a Perspex chamber. A thin mica window was set in the base of this trough, so that 
about two-thirds of the diaphragm strip lay above it, and the chamber fixed so that the window lay 
immediately above a Geiger-Miiller tube. Throughout the experiment the muscle was washed with 
@ potassium-free Tyrode solution, the rate of flow being about 80 ml./min, in most experiments. 
_ The fluid irrigating the muscle could be drawn from one of two 21. reservoirs heated in a water- 
bath at 41° C. so that the fluid in the trough was 38°C. In one of these reservoirs the drugs to 
be tested were dissolved and the muscle was irrigated for varying periods with this fluid. For the 
control experiments the second reservoir contained no drug, but the fluid was drawn from it for 
@ given period in the usual way. The muscle strip remained in, position throughout the experiment 
and one-minute counts could be made easily each alternate minute. The usual level of count was 
about 3000-6000/min. Experiments have been carried out using L-adrenaline hydrochloride in 
a concentration of 1 in 100,000, pL-noradrenaline 
noradrenaline sulphate 1 in 20,000. 


RESULTS 


In the perfusion experiments on the extensor digitorum longus of the cat, the 
amount of “K in the effluent reflects directly the amount of “*K lost from the 
muscle, Generally there was a very large loss of “K immediately the perfusion 
was started—probably derived mainly from the intercellular spaces. This was 
' followed by a fairly steady loss of “K, which we consider is derived from the 
muscle cells themselves, Fig. 1 shows typical results. The lower record was 
from a control experiment in which, at the arrow, a saline solution was injected 
into the perfusion plasma in the arterial cannula. The upper record was from 
an experiment in which 10 yg. of pL-isopropyl noradrenaline was injected at 
the arrow. The ordinate is the concentration of “KC! in the venous effluent from 
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experiment in which the reservoirs were switched over during the period 
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the muscle; in the control, this remained fairly constant throughout the 
experiment. The effect of tsopropylnoradrenaline was to cause a fall in con- 
centration lasting for some 10-12 min., followed by a rise in concentration 
above the original value. The total amounts of “K lost were known but, owing 
to changes in the rate of perfusion, the figures for concentration provide a more 
correct picture of the changes which occur. p1-Isopropylnoradrenaline was 
used in these experiments in place of adrenaline, since the latter was found to 
produce such a vaso-constriction that the flow of perfusion fluid ceased alto- 


Time in minutes 


Fig. 1. Effect of isopropyinoradrenaline on the rate of loss of “*K from extensor digitorum longus 
~ of the cat (previously ‘loaded’ with “*K) perfused with cat’s plasma. The dotted lines represent 
the limits of error of the estimations (P =0-05). 
gether for several minutes. pi-Isopropylnoradrenaline has the same effect 
as adrenaline on the maximal twitch tension of the unfatigued mammalian 
muscle (Goffart, 1949), but has no vaso-constrictor action. We were able to 
reproduce this result in several but not in all experiments. This was probably 
due to irregularities produced by slight changes in the temperature and rate 
of flow of the perfusion fluid, which we were unable to control adequately. 
The results on strips of rat diaphragm were remarkably constant and 
reproducible. In these experiments the amount of “K in the muscle itself is 
measured, and thus an increased loss of “K is reflected by an accelerated de- 
crease in the amount of “*K remaining in the muscle. Fig. 2 shows a control 
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The content of “KCl in the muscle declined throughout in a remarkably regular 
fashion, and this fall was in no way affected by changing the source of the 
perfusion fluid, even though this procedure caused slight changes in temperature 
and rate of flow. The potassium loss was so steady that variations in the rate of 


9000 & 


Bottle B 
a 10 20 30 40 one 10 20 30 40 50 
Time in minutes Time in minutes 
Fig. 2. Fig. 3. 
Fig. 2. Rate of loss of “K from diaphragm of rat (previously ‘loaded’ with **K) irrigated with 

: potassium-free Tyrode solution. 


Fig. 3. Effect of adrenaline on the rate of loss of “*K. from diaphragm of rat. 


loss of the order of 5° from the normal curve were easily detectable. We have 
not attempted to calculate the absolute amounts of **K being lost from the 
muscle, since we were interested only in the relative rate of loss after exposure 
to adrenaline. 

Fig. 3 illustrates an experiment in which the muscle was irrigated with 
potassium-free Tyrode solution, containing adrenaline 1 in 100,000, for 16 min. 
There was, during the first 12 min. of this period, a marked decrease in the rate 
of loss of potassium from the muscle; this was followed by a period in which the 
rate of loss of potassium was accelerated. This result was repeatedly obtained, 
but the effects were not always so prominent. The second phase, the increased 
rate of loss of potassium, was not dependent upon removal of the adrenaline, 
since it started before the adrenaline was removed. In other experiments, we 
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have maintained the adrenaline for longer periods without in any way affecting 
the time course of the biphasic action. 

Similar results were obtained using pDL-noradrenaline and tsopropylnor- 
adrenaline. In a few experiments the usual concentration of Cat+ ions in the 
irrigating fluid (0-02°, Ca chloride) was doubled. Such an increase of extra- 
cellular Ca++ ions is known to potentiate the action of adrenaline on the 
maximal twitch tension of the rat diaphragm (Goffart, 1949). It did not 
influence the effect of adrenaline on the rate of loss of K+ ions from the muscle 


cell. 
DISCUSSION 


The results of our experiments on the isolated rat diaphragm and on the 
perfused cat’s extensor digitorum longus show that adrenaline, noradrenaline 
and isopropylnoradrenaline affect the loss of potassium ions from the muscles 
in the same way; there is first a decreased rate of loss of potassium lasting 
10-15 min., followed by an increased rate of loss. We are dealing, in these 


_ experiments, with a real ‘loss’ and not with an increased exchange of K+ ions, 


since the rat diaphragm experiments were carried out in a potassium-free 
solution. Despite the usual assumption to the contrary, there is some evidence 
(Urey, 1938) suggesting that the degree of hydration of potassium ions is 
influenced by their nuclear constitution. The degree of hydration of an ion 
will affect its permeability, and it is therefore justifiable to refer our observa- 
tions directly only to the unphysiological “K ion. Nevertheless, indirect 
reference to the physiological **K ion is, in our opinion, justifiable in the circum- 
stances, since the precise effect, if any, of the differences in permeability is 
unknown, and since the results which we have obtained with “KCl accord so 
well with the results obtained with *KCl by Brown e al. (1950) on the 
demarcation potential. 

The experiments were designed to find out if the changes in demarcation 
potential and in maximal twitch tension produced by adrenaline could be 
related to movements of K+ ions across the muscle cell membranes. It is, 
therefore, interesting to compare these three effects of adrenaline. This is done 
diagrammatically in Fig. 4, which shows that all three effects are biphasic and 
follow approximately the same time course. This suggests strongly that they 
are interdependent. 

In view of this interdependence it seems unlikely that the increased loss of 
K* ions is derived from any source—e.g. blood vessels or nerves—other than 
the muscle cells themselves. 

In the absence of any proper insight into the nature of the fundamental 
relationship between changes in the properties of the cell membranes and the 
mechanical properties of the muscle, it is difficult to make any useful suggestion 
about the nature of the interdependence of these three effects of adrenaline. 
It is not possible to conclude that the changes in the rate of potassium loss are 
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directly responsible for the other two effects, although it would be expected 
that a change in the rate of potassium loss would be accompanied by a change 
in demarcation potential. The demarcation potential changes and the changes 
in rate of potassium loss might both be the result of an alteration in the mem- 
brane resistance; although a change in the rate of potassium loss is not neces- 
sarily accompanied by a change in membrane resistance. Since, however, it is 


2 
potential (mV.) 

+ 16min. > 
normal maximal 
twitch tension + 14min. > 


0 10 20 30 
Time in minutes 


Fig. 4. Diagrammatic comparison of effects of adrenaline on rate of loss of ““K, maximal twitch 
tension, and demarcation potential of muscle. Calibrations for each curve are taken from the 


figures for a typical experiment of each type. Dotted lines represent the course of events in 
control experiments where no adrenaline is given. 


not known if there is any link between changes in membrane resistance and in 
_ twitch tension, the dependence of the third effect of adrenaline still remains 
unexplained. For this reason it would be necessary to assume that adrenaline 
produces, on some other property of the muscle, a change which in turn causes 
alterations in both membrane resistance and twitch tension; without further 
knowledge, therefore, this line of reasoning cannot provide a satisfactory 
hypothesis. 

The only justifiable conclusion meantime is that the three interdependent 
effects are consequential upon a single initial change in equilibrium. 
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SUMMARY 


1, We have studied the effect of adrenaline and of other sympathomimetic 
amines on the loss of “K from the isolated resting rat’s diaphragm continuously 
irrigated with potassium-free Tyrode’s solution. 

2. Adrenaline, noradrenaline and isopropylnoradrenaline, added to the 
irrigating fluid, each cause first a decrease and then an increase in the rate of 
potassium loss from the muscle. 

3. An increase in the calcium concentration of the irrigating fluid does not 
potentiate this effect of adrenaline. 

4, Adrenaline has the same biphasic effect on the rate of potassium loss from 
the cat’s stimulated extensor digitorum longus muscle perfused with plasma 
through ite artery. Consistent results, however, were not regularly obtained. 

5. The changes in the rate of potassium loss produced by adrenaline resemble, 
both in their biphasic shape and in their time course, those produced by 
adrenaline on the demarcation potential and twitch tension of skeletal muscle. 


We are indebted to Dr R. D. Keynes for assistance in adapting his technique to our needs. 
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THE TENSION AND RESISTANCE TO STRETCHING 
OF HUMAN SKIN AND OTHER MEMBRANES, 
WITH RESULTS FROM A SERIES OF 
NORMAL AND OEDEMATOUS CASES 


By JOHN C, DICK 
From the Department of Pathology, University and Royal Infirmary, Glasgow 
(Received 3 February 1949) 


Dick (1947) described the structure and arrangement of elastic tissue in normal 
and in oedematous skin. In this paper the resistance of the skin to stretching 
is investigated and the part played by elastic tissue in the tension of the skin 
is discussed. 

Hass (1939) reviewed the properties of elastic tissue in general and emphasized, 
as had the German school at an earlier date (Sternberg, 1925), that changes in 
staining properties of elastic fibres did not necessarily signify changes in function 
or structure of the fibres. In later studies on the aorta, Hass (1942, 1943) freed 
the elastic fibres by a severe chemical process and tested their extensibility, 
retractility and maximum tensile strength. 

Krafka (1937, 1939, 1942) also studied elastic tissue, muscle and collagen 
fibres in the aorta, and concluded that collagen fibres act as a check against 
over-distension of the elastic and muscle fibres at high pressures. He thought 
that there was no change in the elasticity of elastic tissue with advancing age— 
but he was using results from ligamenta nuchae of oxen. Saxton (1942) showed 
that in some animals, e.g. the rabbit, vascular changes are not found in 
advancing age as in man. 

The limitations to the precise study of the elasticity of the skin and of the 
fluid content of the subcutaneous tissues were recognized by Crosti (1933) 
when he reviewed the information given by the ‘elastometer’. This instrument, 
introduced by Schade (1912) and elaborated by Schwartz (1916), by Kunde 
(1926) and others, records the effect of removing a weight which has been 
pressing on the skin for a stated period. 

Sodeman & Burch (1938) measured with a calibrated spring caliper the 
extent of stretch of skin in different areas of the body, but they could not 
calculate the stretch per unit area or the resistance of the skin to stretching. 
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METHOD 


Methods used by previous workers could not measure the pressure below the skin. It is this very 

presumably, which is responsible for normal stretching of the skin. The present method 
which used skin from cadavers, was designed to measure the reaction of the skin to known forces 
thought to be within physiological limits. 

By means of the apparatus shown in Fig. 1, the excursion of the centre of a circle of skin was 
measured. The inner brass ring (A, 2) was fitted with eight irregularly placed sharp steel points 
projecting downwards to enter eight corresponding holes on the rim of the brass drum (A). This 
ring was laid on the area of skin to be tested, while still intact on the body, and the points pressed 
into the skin. The ring was removed and the holes in the skin made by the points were marked with 
indian ink so that they could be found later. This area of skin, with a small margin, was removed 


Fig. 1. Diagram of apparatus for measuring the stretching of the skin (not drawn to vale). 
A, brass drum, with: 1, outlet to water manometer (B) and reservoir (C); 2, inner brass rings, 
holding skin (8) in position; 3, outer brass rings, holding skin (S) in position. D, lever, with: 
4, knife edge on stand on outer ring of drum; 5, counter-balancing weight ; 6, short arm, angled 
over centre of skin; 7, long arm, nine times the length of short arm. Z, scale (cm.). 


from the body, care being taken to avoid stretching. The whole thickness of the skin was taken, but 
no deeper tissues. The skin was then replaced on the ring, each sharp point being pushed through 
its own mark. In this way, the skin was replaced with exactly the same area, and presumably with 
the same tension, as it had on the body. The drum was filled to the rim with water and the initial 
level noted on the manometer (B). The ring, with the skin attached, was placed on the drum. No 
air was imprisoned between the skin and the surface of the water. The outer brass ring (A, 3) was 
put in place and screwed tightly in position by means of nuts on six screw bolts. The 

balanced lever (D) magnified nine times the movements of the centre of the skin disk. 

The pressure within the system was increased by raising the reservoir (C): after a few seconds, 
the excursion of the skin was read. For the first 5 cm. water pressure, readings were taken after 
increments of 0-5 cm. pressure. From 5 to 10 cm. pressure, the increments were 1 cm., and from 
10 to 36 ém. pressure the increments were 5 cm. During these last stages, the pressure was kept 
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constant for 3 min. before measuring the skin excursion, since the response of the skin to such 
increments of pressure was rather slow. 

Regions from which skin was taken. Circles of skin from the epigastrium, from the medial and 
lateral sides of the thigh and from the medial and lateral sides of the leg were tested. In children, 
it was impossible to obtain areas of skin large enough for use with the instrument from narrowly 
defined sites. 

Material examined. The skin was removed from human cadavers as early as possible. Up to 
48 hr. after death results did not vary. The skins examined came from subjects in the following 
age groups: (i) about 15 years; (ii) 25-30 years; (iii) 45-60 years; (iv) 65 years and over. 

Skin from two types of cases was examined. In one group, the skin was thought to be normal; in 
the other, the skin had been distended by oedema for some time before the patient’s death (Table 1). 


Taste 1. Wumber of cases froea which disks of skin were taken 


Normal Oedematous 
Age group “Male Female Total Male Female Total 
About 15 years — 3 3 1 1 2 
25-30 years 5 5 1 
45-50 years. 3 3 6 3 4 7 
65 years and over 2 I 8 3 —_ 3 
Totals 10 7 17 7 6 13 


A similar technique was applied to fascia lata (seven cases) and to dura mater (two cases). 
Pieces of a sheet of pure rubber (thickness 1 mm.) were also tested. : 


CALCULATIONS 
Excursion of skin. The typical form of the graph obtained by plotting the excursion of the skin 
against the water pressure is shown iti Fig. 2. The increase in area of the circle of skin can be 
derived as follows. If A =area of skin in sq.cm., z =rise in level of the centre of the circle of skin 
in om., then A =} (4z* +25) (Jones & Hyslop, 1935). 


20 


Excursion of skin (mm.) 


Pressure (cm. H,O) 


Fig. 2. Graph of excursion of skin (mm.) against pressure (cm. H,0). 
Male, 25 years. Skin of thigh, medial side. 
The radius of the original circle was 2-5 cm., and the original area of the skin } (w x 25) sq.cm. 
The ‘hange in area was therefore wz* sq.cm., and the percentage change — 
25) 


The percentage change in area for several readings of the excursion of the skin is given in Table 2; 
Thus, an exoursion of 5-6 mm. by the skin is seen to correspond to a 5% increase in area. 
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(mm.) (%) 
1-1 0-2 
1-8 0-5 
2-2 0-75 
2-6 10 
3-6 20 

3-9 2-5 
43 3-0 

5-0 40 

5-6 5-0 

10-0 

11-2 | 20-0 


Tension in skin. The tension, 7’, in the skin at a given pressure was obtained by the formula 


where x (cm.)=rise in level of the centre of the skin (Jones & Hyslop; 1935). 


RESULTS 
A. Normal skin 
Eacursion of skin 
The results of the experiments are best shown as graphs where the excursion of the 
skin is plotted against the water pressure (Fig. 2). The skin expands evenly at the 
lower pressuresand itssurface forms part of asphere. Occasionally, with pressures 


' over 15cm. H,O, the expansion is uneven—bulges form between tighter bands. 


Pressure (cm. H,O) 


Fig. 3. Graph of skin tension (dynes/om.) against pressure (om. H,0). 7 where 
is the excursion of skin. Male, 25 years. Skin of thigh, medial side. 


Most of the expansion occurs with pressures under 10 cm. H,0 pressure, and 
there is little further expansion with higher pressures; the rate and extent of the 
expansion vary with skin from different areas of the body and with skin from 
different age groups. 


Taste 2. The increase in area corresponding to the excursion of the centre of the disk of skin ; 
| Excursion of skin _Increase in area 
50x10 
45x10’ 
€ 40x10 
35x10" 
> 30x10 | 
25x10 
~ 2x10 
15x10 
10x10 
5x10 q 
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Regional variations. These are depicted in Fig. 4, where the excursion of the 
skin from four areas is plotted against the water pressure. For any given in- 


ir 
(a) 
(b) 
10 (c) 
(d) 
| | | 
0 5 10 15 20 


Pressure (cm. H,O) 


Fig. 4. Graphs of excursion of skin (mm.) against pressure (cm. H,O) for different sites of the body, 
from a male, 25 years. (a) thigh, medial; (6) thigh, lateral; (c) leg, medial; (d) leg, lateral. 


Excursion of skin (mm.) 


L 


0 5 10 15 20 
Pressure (cm. H,O) 

Fig. 5. of H,O) for the medial sides of the 
thigh and of the leg, from a young (25 years) and from an old (65 years) male. (a) thigh, 
ara ae (6) thigh, medial (65 years); (c) leg, medial (25 years); (d) leg, medial 

years). 


crease of pressure, the excursion of the skin from the medial side of the thigh 
is greater than the excursion of skin from the lateral side of the thigh. Skin 
from the leg showed similar behaviour. The excursion of thigh skin is greater 
than the excursion of leg skin. - Similar results were found:<in all normal cases. 
The skin from the epigastrium varied, but usually gave a‘large excursion. 
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Age variations. In Fig. 5, graphs of the excursion of skin from the medial 


sides of the thigh and of the leg in a young subject (25 years) are shown 


alongside graphs from the same areas in an old subject (65 years). The young 
skin offered much greater resistance to small increases of pressure (less ex- 
cursion for increases of pressure under 5 cm. H,O) than did the old skin. The 
limit of skin expansion for any particular area is roughly the same at all ages, 
but this limit is reached at much lower pressures in the old skin. These changes, 
again, were constant for all normal cases. 


30 x10’ 
E (d) 

i 20 x10’ 
3 10x10 

L 

0 5 10 15 20 

Pressure (cm. H,O) 


Fig. 6. Graphs of skin tension (dynes/cm.) against pressure (cm. H,O) from the medial side of the 
thigh and of the leg from a young and from an old man. (a) thigh, medial (25 years); (b) thigh, 
‘medial (65 years); (c) leg, medial (25 years); (d) leg, medial (65 years). 


Tension in skin 

A typical graph obtained by plotting the values calculated for T against the 
corresponding pressures is shown in Fig. 3. When the pressure is zero the 
tension cannot be calculated directly; but the regular nature of the curve 
justifies its extension to meet the ordinate. The value on the ordinate, in this 
example 5 x 10° dynes/cm., gives the initial tension in the skin, and presumably 
corresponds closely to the tension of the skin when on the body. 

Regional and age variations. In each case, the slope of the graphs of tension 
in the skin is greater for the lateral than for the medial sides of the limbs and 
greater for the legs than for the thighs (Fig. 6). In old subjects, the graphs 
commence at much lower levels than in young (Fig. 6). 

Original tension in the skin. The values of 7 where the graphs cut the 
ordinates are the values of the tension in each different specimen when it was 
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on the cadaver and are shown for different sites in four subjects of different 
ages in Table 3. 


Taxux 3. Tensions (dynes/om.) of skin on cadaver at different areas and ages 


Female, 14 years 3x10 5x1 7x1?  Txlé 75 x 16 
Male, 25 years a 5x 16 76 x1 8-5 x 10° 10-5 x 106 
Male, 47 years 4x10 5x10 65x1® 6 x 16 
Male, 65 years 1-2 x 10 2x1 3x1? 


B. Skin from subjects with oedema 


In subjects with oedema, the results differ considerably from those obtained in 
normal people, and the main points of variation are best illustrated from 
particular cases. 


ol 
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Fig. 7. Oedema. Graphs of excursion of skin (mm.) against pressure (om. H,O) for the medial 3 


sides of the thigh in (a) girl, 13 years, oedema of a few days’ duration; (b) woman, 28 years, 
oedema of a few months’ duration; (c) man, 70 years, oedema of several years’ duration. 


Oedema in a juvenile. In a girl of 13 years who died from subacute glomerulo- 
nephritis, all the subcutaneous tissues were waterlogged post-mortem. The 
skin from the epigastrium and lateral side of the thigh showed curves of ex- 
cursion differing little from curves obtained in normal subjects of this age 
group. Skin from the medial side of the thigh, however, gave an excursion 
curve (Fig. 7a) much lower than normal—lower, even, than that for the lateral 
side of the thigh. 

_ The tension graphs all show a pronounced change (Fig. 8a); the tensions at 
pressures over 10 cm. H,O correspond roughly to those in normal subjects, 
but at lower pressures, the values for the tension are higher, indicating that the 
subcutaneous tissue pressures were also correspondingly higher. 
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Oedema in a young adult. A young woman, 28 years of age, had oedema of 
a few months’ durafion in the legs and thighs, especially on the medial side. 
The graphs for excursion of skin from the epigastrium and from the lateral 
side of the thigh show no abnormalities, but those for tension in these areas 
show the same elevation at low pressures as in the previous case. The skin from 
the medial side of the thigh shows a larger excursion than normal (Fig. 75) 
while the tension is less than normal (Fig. 8b). The skin here has lost its re- 
sistance even more completely than in a normal old subject. 


(c) (a) 


30x10 
(b) 


j 
ad 5 10 15 20 
Pressure (cm. H,O) 


Fig. 8. Oedema. Graphs of skin tension (dynes/cm.) against pressure (cm. H,O) for the medial 
sides of the thigh in (a) girl, 13 years, oedema of a few days’ duration; (6) woman, 28 years, 
oedema of a few months’ duration; (c) man, 70 years, oedema of several years’ duration. 


Chronic oedema in an old subject. Another effect of oedema is shown by the 
graphs from a male, 70 years of age, who had marked generalized oedema of 
18 months’ duration. The excursion curves for all areas (Fig. 7c) are similar to 
those of a normal old subject, if the latter had commenced at the values actually 
reached with 2 cm. H,O pressure. The rise in the tension curves (Fig. 8c) is 
steeper than for normal skin. As will be shown later, this skin is acting more 
in the manner of a pure connective tissue membrane (e.g. fascia lata and dura 
mater) than of normal skin. 


C. Experiments on other membranes 


Fascia lata and dura mater. These membranes (Fig. 9) give large excursions 
for the initial increases of pressure, indicating that they offer little resistance 


to such pressures; but, for greater increases of pressure, there is little further 


expansion—i.e. they soon develop greater resistance than is present in the 
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skin until even greater pressures are reached. The tension curves (Fig. 9) 
seem to originate at zero (indicating no original tension) and, though the 
tension increases _—" with the pressure, the rate of increase gradually 
diminishes. 


30x10’ 


i 
3 
2 
Fe} 
0 5 10 15 20 
Pressure (cm. H,0) 


Fig. 9. Membranes other than skin. Graphs of excursion of membrane (mm.) against pressure 
(cm. and of tension (broken lines, dynes/cm.) against pressure (om. H,,0). 
(6) dura mater; (c) rubber. 


Pure rubber. This material gives curves (Fig. 9) very similar to those for 
fascia lata and dura mater—i.e. it possesses no original tension (the edges do 
not retract when cut), it expands greatly for the first few increments of pressure 
and the tension increases greatly, but with gradually diminishing amounts, on 
further increments of pressure. 


DISCUSSION 


The results of these experiments indicate that the reaction of the skin to 
stretching depends on the site of origin of the skin, on the age of the subject 
and on previous existence of oedema—fascia lata and dura mater behave in 
a distinctive fashion. By correlating these different reactions with differences 
‘in histological structure (Dick, 1947), the parts played by the different tissue 
elements (white collagenous and yellow elastic fibres) in forming and main- 
taining the tension and resistance in the skin may be deduced. 

Age differences. In young adult skin, the yellow elastic fibres (interspersed 
among the. white collagenous fibres) are numerous, well-formed, regular in 
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size and distributed evenly throughout the skin. At this age expansion is small 
in extent, indicating great resistance, with the first small increases of pressure, 
but continues gradually up to the limits tested. The original tension is high, 
but increases less rapidly with increasing pressures than in the skin of old 
subjects. 

In the skin of old people, on the other hand, the elastic fibres are as numerous, 
but are short, irregular and broken-up, and their distribution irregular. The 
skin is lax and, when subjected to pressure, there is initially large expansion 
for small increases of pressure. Subsequently there is little further expansion 
at greater pressures. The tension increases much more for any increment of 
pressure than does the tension in young skin for similar increments of pressure. 

The original high tension of young skin, and the resistance to slight increases 
of pressure, probably depend on the presence of well-formed, regular and evenly 
distributed yellow elastic fibres. In old skin, the initial laxity and lack of 
resistance to small increases of pressure, coupled with the histological de- 
generative changes in the elastic fibres, indicate that the relatively large 
expansion at these pressures is the reaction of the white fibres. alone. Both 
white and yellow fibres may be involved in the changes, but, histologically, 
alteration is obvious only in the yellow fibres. The reaction to great increases 
of pressure is similar in both age groups, and accordingly suggests that expansion 
is then controlled by the white fibres only. 

Regional differences. Regional differences will be discussed with reference to 
skin from younger subjects, but similar differences were observed in skin from 
older subjects, though somewhat overshadowed by the general age changes. 

In the epigastrium the skin is very thick and contains few and short elastic 
fibres: the expansion is great at low pressures, but is very small after the first 
few cm. increase of water pressure: the tension is very low at first, but increases 
greatly with increased pressures. Skin from this area, even in young persons, 
behaves in the manner of an old person’s limb skin, or of fascia lata or of dura 
mater. 

On the medial and lateral sides of the thigh, the skin is nearly as thick as on 
the epigastrium, but contains a much greater proportion of large, well-formed, 
evenly distributed elastic fibres. The original tension is high, the early expansion 
small and increases gradually over a long range of pressure. The only difference 
in constitution to account for these changes in physical behaviour is the great 


increase in size, number and length of the yellow elastic fibres. 


The leg skin, on both medial and lateral sides, is very much thinner than on 
the thigh, yet the proportion of large, well-formed elastic fibres is nearly as 
great. Here there is a very high original tension, the expansion is less for 
increasing pressures than in any of the other areas, and the tension rises 
markedly. As compared to the thick thigh skin, the thin leg skin does not 
allow of such great increases in area for corresponding increases of pressure. 
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_ Thus, from consideration of the regional differences also, the presence of 
numerous large, well-formed evenly distributed elastic fibres seems to provide 
the original tension and the early resistance to further stretching of the skin. 

Skin in oedematous cases. Histologically, in oedema of short duration, the 
elastic fibres show no structural change (Dick, 1947), although separation of 
the white collagenous fibres by the excess fluid is clearly seen. On stretching 
such skin the curves of expansion show little difference from the normal or 
are uniformly lower: the tension curves, though higher than in normals for 
pressures below 10 cm. H,0, also correspond to normals for higher pressures. 
These findings indicate that the elements of the skin involved in the resistance 
to stretching still function normally. 

Inchronic oedema and in old subjects, the elastic fibres show marked 
histological alterations—they are shortened, broken-up and separated more 
than in normal subjects. On stretching, the skin behaves in the manner of 
a connective tissue membrane, except that it possesses some original tension. 

Other membranes. The experiments on fascia lata and on dura mater, when 
compared with those on rubber, suggest that white collagenous fibres by 
themselves respond to distension as does rubber. 

These observations are summarized in Table 4. 

Tasix 4. Comparison of the thickness of skin and the number of elastic fibres present with the 


original tension and the expansion in response to slight increases of pressure, at different sites 
and ages in normal and in oedematous subjects 


Extent 

Thickness [Elastic Original of early 

Site of skin fibres tension expansion 

Young ++++ + ++++ 
+++ +++ +++ ++ 
Leg + +++ ++++ + 

Old Thigh +++ +++ + +++ 
Acute oedema Thigh +++ +++ ++++ ++ 
_ Chronic oedema Thigh +++ +++ +++ + 

Fascia lata, dura mater, 0 van 


+++ indicates degenerative but not quantitative changes in the fibres 


In investigating the expansion of the aorta, Krafka (1939) found a curve 
somewhat similar to that described above for expansion of the skin (Fig. 2). 
On analysing his curve he came to the conclusion that the first part depended 
on the elastic and muscular elements in the aorta while the second part, under 
greater stresses, represented the resistance of collagen fibres only. 

The elastic fibres in healthy, young skin are responsible for the initial tension 
and early resistance to stretching. Thereafter the further slight expansion 
depends on stretching of the white fibres. In the skin.of old subjects, after the 

slight initial resistance due to the degenerating elastic fibres is overcome, 
‘expansion is controlled by the resistance of the white fibres. 
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SUMMARY 


1, An instrument is described to record the expansion of a disk of skin when 
exposed to pressure. The skin was obtained from human cadavers. From the 
results, tension in the skin was calculated. 

2. Skin disks from different areas of the body, and from subjects of different 
ages were compared. Skin from the medial sides of the thighs and legs was less 
resistant to stretching than skin from the lateral sides. Skin from the thighs 
was less resistant than skin from the legs. Skin from young subjects expanded 
much more gradually for initial increases of pressure than did skin from old 


subjects. 


3. From consideration of the histological appearances it is reasonable to 
correlate the initial tensions in the skin with the condition of the yellow 
elastic fibres. 


The author wishes to express his thanks to: (i) the late Prof. J. Shaw Dunn, Professor of Pathology, 
Glasgow University, who made many suggestions as to the methods employed in this work and 
who designed the instrument illustrated in Fig. 1; (ii) Prof. E. Taylor Jones, Emeritus Professor 
of Natural Philosophy, Glasgow University, and Prof. J. M. Hyslop, Johannesburg, late Lecturer 
in Mathematics, Glasgow University, who provided the mathematical formulae; (iii) Dr John B. 
de V. Weir, Lecturer in Physiology, Glasgow University, for critical assistance in the preparation of 


the paper. 
The work was carried out during the author’s tenure of the Hutchison Research Memorial 
Scholarship, 1934-5, and thereafter. 
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THE SPECTRAL SENSITIVITY OF THE CENTRAL FOVEA 


_ By L. 0. THOMSON 


From the Vision Research Unit, Imperial College of Science and Technology, 
London, and the Institute of Ophthalmology, London 


(Received 3 February 1950) 


An investigation of the intensity discrimination of the centre of the central 
fovea (Thomson, 1949a) showed that at low brightness, discrimination maxima 
were present if the light stimuli were chosen from certain spectral regions. 
These regions, one at 460, another at 520 and a third between 580 and 610 mz., 
correspond to those in which Granit (1947) has found modulator activity, and 
it was suggested that at low brightness, intensity discrimination was mainly 
a function of modulator response, and at higher —- was mediated by 
_ the dominators. 

Further evidence of modulator activity at low brightness should be obtained 
by measuring the spectral sensitivity of the foveal centre with a threshold 
stimulus against a dark background. Local relative increases of sensitivity 
might be found when the stimulus is taken from either of the three spectral 
regions mentioned above, because, under threshold conditions, the modulators 
possibly affect the sensitivity of the eye only around the maxima of their own 
spectral sensitivity. 

Accordingly, the spectral sensitivity of the fovea has been measured by a 
threshold method against a background of zero luminance in five subjects; 
two, male, with normal colour vision; one, female, with protanomalous vision; 
and two, male, both protanopes. 

METHOD 
The measurements were made on the Wright colorimeter at Imperial College and the general 
experimental method was as described elsewhere (Wright, 1946; Thomson & Wright, 1947; 
Thomson, 19494). 

Briefly, the test field consisted of a small semicircle with its straight side, which subtended an 
angle of 15’ at the eye, downwards. This field, which was viewed against a dark surround, could 
be illuminated with light of any desired intensity and quality. To assist the correct positioning of 
the eye during the measurements, a minute point of light was provided at the centre of the straight 
side of the semicircle to act asa fixation dot. This dot was of such an intensity and size as to 
be only just sufficient to guide the eye on to the target. For the observer P.W.T. a further fixation 


dot was provided so that the test field could be displaced 60’ into the left visual field. All measure- 
ments were made with the rod-free area of the right eye. — 
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_ Calibration. The calibration of the relative energy content of the spectrum was based upon new 
measurements undertaken with a multiplier photocell as described previously (Thomson, 19495). 
No determination of the absolute energy value was undertaken. 

Procedure. Since it was found that an initial period of dark adaptation made no difference to 
the results, observations in the central position began immediately on arrival at the colorimeter. 
For the observations in the 60’ position, however, observer P.W.T. undertook an initial period of 
20 min. dark adaptation. Readings were taken at each 10 my. of wave-length from 400 to 700 my. 
For any wave-length setting the observer was asked to increase the intensity of the light until he 
was certain that he could just see the semicircular test field. This setting was then recorded. Then 
the observer altered the intensity so that he just failed to see the test patch. A further record was 
then made, A glance technique was used (Thomson, 19492). 

The mean of these settings constituted one estimate of the threshold light energy. The wave- 
length settings were presented in random order and the experiment continued until at least five 
determinations had been obtained at each wave-length. No wave-length setting was repeated 
during any one observing session. 

Measurements with a point test field. Some measurements were made by observer L.C.T. with a 
test field subtending less than 1’ of arc at the eye. This field was situated 16-5’ above the fixation 
dot. 

Threshold recovery measurements. Measurements were made of the threshold light energy during 
the recovery of the sensitivity of the receptors following adaptation to an intense white source. 
The observer undertook a period of 20 min. dark adaptation and then exposed his right eye to 
a circular patch of white light of a brightness of 2-27 x 10* photons for 3 min. (Approximately 
standard illuminant A, subtending 5° at the eye and concentric with the fixation dot.) The white 
source was then removed and the recovery of sensitivity followed by measuring at various times 
thereafter the light energy necessary just to perceive the test semicircle (wave-length 580 my.). 

Colour vision of the observers. Details of the visual performance of observers, W.D.W. and L.C.T., 
who have normal colour vision, have already been published. The protanomalous observer, P.W.T., 
makes a slightly abnormal Nagel match on wave-length 580 my., requiring too much red light. 
Her hue discrimination curve is to be published elsewhere (Thomson & Trezona, 1950). Observers 
G.D.P. and A.V.E., classed as protanopes with Ishihara’s test plates, had their hue discrimination 
measured with a 1° 20’ field. The results which are expressed as A, — A, and plotted against (A, + A,)/2 
are shown in Fig. 1. The dotted curve gives the hue discrimination data for two observers with 
normal colour vision (Pitt & Wright, 1934). 

Calculation. Ever since Dartnall & Goodeve (1937) pointed out the need for expressing spectral 
sensitivity results on the basis of an equal quantum intensity spectrum, it has been assumed that 
a fixed number of light-quanta per sec. are required at any wave-length to initiate a given response, 
such as that at the threshold of vision. ; 

This fixed number R per sec. will only be a fraction of the total number of quanta reaching the 
photochemical system of the receptors; a fraction (say p)) (Stiles, 1948), which will depend upon 
the light absorbed by the photochemical pigments ,oncerned. Thus the number of quanta required 
at the receptors to produce a threshold response is R/p, quanta per sec., where p has values for 
each wave-length \ dependent upon the photochemical pigments concerned. These quanta have 
an energy value of Rkhv/p,, where v is the frequency of the light of wave-length A, h is Planck’s 
constant and & a constant which is determined by the units in which the energy is measured. 

The energy arriving at the receptors is, however, less than the energy incident on the cornea 
light), by the yellow macular pigment (c,.. 
Thus the energy incident upon the receptors will be — 

where Z, is the energy measured at the cornea. At the threshold 


Rkhv 
= Pa 
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It is usual to define the sensitivity of the eye as a whole as 


(2) 
Let us also define the retinal sensitivity as 
= (3) 
and the receptor sensitivity as “ 
Sree. = (4) 


Further subdivision of S,,, might be necessary in the future because pigments which are not 
part of the photochemical system may be found within the receptors. 


Fig. 1. The hue discrimination data for the two protanopic observers, A.V.E. and G.D.P. The 
results are expressed as A, — A, and plotted against (A, +A,)/2. The dotted curve gives the mean 
data for two observers with normal colour vision (Pitt & Wright, 1934). 


Clearly S,,.. is proportional to p,, the light absorbed in the photochemical system (Stiles, 1948). 
If the relative values of the sensitivity are alone of interest, the constant k may be given any 


convenient value and, at first, the values of log Sj were calculated for each wave-length and for 


each estimate of the threshold light energy. The mean of these values was found and the standard 
error of the mean calculated from the formula, Z)*/n(n which emtlog By, is the 
mean log sensitivity and n the number of estimates made. 


RESULTS 


Whole-eye sensitivity. Fig. 2 shows the values of log Sy for two observers 
with normal colour vision, L.C.T. and W.D.W., together with some results 
kindly supplied by Dr Stiles, for his observer B.H.C. The latter form the sub- 


30 

| 

} 2 

4 ‘ 

10 9G.D.P. 

A.V.E. 
Qo 

500. 600 


FOVEAL SENSITIVITY 117 


stance of Fig. 9 in his 1933 paper with Dr B. H. Crawford. They refer to a 
rectangular test field, the sides of which subtended 42’ and 9-5’ at the eye, and 
which was seen at the centre of a dark area 1-28° in diameter surrounded by 
a white source of 300 c./ft.* of 30° in diameter. These results, although obtained 
against a dark background, are not strictly comparable with the present 
series because a large area of the peripheral retina in Stiles’s experiment is light 
adapted. The means of the values of log Sy are shown as points on the diagram 
and the standard errors are shown as- bars (equal to +0mean) above and 
below each. 
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Fig. 2. The mean values of log Sjy for the three observers with normal colour vision. The vertical 
bars indicate the magnitude of the standard error of the mean. The three sets of data have 
only an arbitrary relationship to each other. Dotted curves are the appropriate Pearsonian 
functions. Full line curves are the chosen polynomial functions. 


When interpreting the data one must decide whether the minor irregularities 
which disturb the main single-humped nature of the curves are significant or 
are merely due to experimental error. As an aid to this decision smooth curves, 
each belonging to the Pearsonian system (Elderton, 1927) have been fitted to 
the values of S,, by the method of moments. Curves from this system might 
be chosen by an actuary to represent single-humped data on the assumption 


B.H.C. 

400 500 500 700 


that the minor irregularities are of no significance and due to experimental or 
observational error. Thus the calculation of the appropriate curve for each set 
of points should provide smooth functions from which the points themselves 
might or might not deviate significantly. If the deviation of the points from 
the curve was greater than could have been expected from the known experi- 
mental error, some at least of the minor irregularities must be significant. 

The spectral sensitivity curve has been regarded (Houstoun, 1932) as a smooth 
single-humped function of Gaussian or near Gaussian form. Thus the choice of 
a member of the Pearson system as a basis from which to test for irregularities 
would seem particularly appropriate since these curves are all modifications 
of the normal form. Calculation of the constants supports this choice, since 
the values obtained do not differ very greatly from those of the Gaussian curve 
itself. 

The calculated curves for the normal observers are shown in Fig. 2 as dotted 
lines. 

Owing to the smaller weight given by the fitting procedure to the values at 
the ends of the spectrum, the fit is here less good than it should be. Since the 
magnitudes of the standard error of the mean are similar throughout the spec- 
trum, an accurate test of the significance of the residual variation should be 
based on a curve which has been calculated by a method giving equal weight to 
each mean point. A regression line of polynomial form is such a curve and the 
appropriate line for each set of data has been calculated and is shown as the 
continuous line in Fig. 2. 

By using orthogonal polynomial functions (Fisher & Yates, 1943) curves of 
the form | 


may be successively calculated, each one approaching more nearly to the 
experimental points as a further term, containing the next higher power of z, 
is included in the calculation. 

For the present data most of the variation is accounted for by fitting curves 
of the second degree, i.e. curves of the form 


Carrying the procedure to higher powers of z, although improving the fit 
slightly, usually introduced inflexions into the line so that it could no longer 
be regarded as a smooth single-humped function and was thus of less value when 
testing for the presence of irregularities in the experimental results. 

The procedure of fitting was thus carried to that curve which showed some 
secondary inflexion or to the fifth degree, whichever was reached the sooner, 


and the significance of the residual variation then assessed by using Fisher’s 
z test. 
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The chosen polynomial curves, together with the values of z, and the 
probability of this value arising as the result of experimental error, are given 
for each set of data in Table 1. For the results for the three normal observers 
given in Fig. 2 the irregularities are clearly significant. 


Taste 1. Type of polynomial curve and significance of the residual variation 


Observer Curve degrée z Probability 
L.C.T. 5th 0-797 <0-001 
W.D.W. 5th 0-353 <0-01 
4th 0-777 <0-001 
G.D.P. 5th 0-778 <0-001 
A.V.E. 4th 0-565 <0-001 
A.V.E. 5th 0-035 >0-2 
P.W.T. central 5th . 0-861 <0-001 
P.W.T. 60’ 5th 0-778 <0-001 


An attempt was made with the results for observer L.C.T. to obliterate the 
significance of the residual variation by carrying the process of fitting to 
higher degrees than the fifth. Significant deviations from a curve of ninth 
degree were, however, found (probability level 0-05) indicating the complexity 
of shape of this series of data. | 
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Fig. 3. The difference between the means of the observations for each observer and the appropriate 
polynomial function. A, observers with normal colour vision; B, observers with protanopic 
vision. 

Fig. 3.4: shows the difference at each wave-length between the mean sensi- 
tivity and the value given by the chosen polynomial curve. In the normal 
subjects the major relative sensitivity increases may be seen from this figure 
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and Fig. 2 to be confined to three spectral regions: one at 420 my., another at 
520 my. and a third between 620 and 660 my. Although the results for observer 
B.H.C. refer to an eye in which a large part of the retina, outside the test area, 
is light adapted (conditions markedly different from those maintained in these 
experiments) there is a remarkable similarity between the deviations from the 
polynomial curve for B.H.C. and similar deviations for the other normal 
observers. One might suggest that the surround has merely altered the 
general single-humped nature of the data and left the minor irregularities 
unaffected. 


00 

400 500 600 

Fig. 4. The mean values of log Sy for the two protanopic observers, The two sets of data have 
only an arbitrary relationship to each other. Full line and dotted curves are polynomial 
functions. 


In Fig. 4 the results for two protanopic observers are given. The fifth 
degree curve for observer A.V.E. does destroy the significance of the residual 
variation, but since the regression line has a maximum around wave-length 
560 my. and a secondary shoulder at 440 my., there must be, even in this 
observer, some deviation from the single-humped form. For observer G.D.P. 
the test showed that the results (probability level 0-001) were significantly 
irregular. 
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The deviations from the mathematical curves are shown in Fig. 3B and only 
appear of any magnitude in the blue region of the spectrum. | 

Fig. 5 shows the results for an observer with protanomalous vision. The 
lower curve was obtained in the usual way from the centre of the central fovea. 
The upper curve was measured with the test patch displaced 60’ into the left 
visual field. Irregularities are in both cases significant. 
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Fig. 5. The mean values of log Sy for observer P.W.T. Upper curve, 60’ position; lower curve, 
centre. The single value at 400 my. refers to the 60’ position. Two sete of data have only an 
arbitrary relationship to each other. Full-line curves are the appropriate polynomial functi 


Since inflexions appear in the regression line for most observers and since the 
deviations from these inflected lines are still significant, one can say with 
confidence that the spectral sensitivity of the centre of the central fovea 
cannot be a smooth single-humped function. 


DISCUSSION 
Calculation of the retinal sensitivity. From equation (3): 
log =log Sy +log h+log v—log a). 
Log h may be neglected if only relative values of log S,,, are of interest. The 
values of a, given by Ludvigh & McCarthy (1938) have been accepted, and in 
Fig. 6 the results for observer L.C.T. with the 15’ field are given with log S,.¢. 
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Two further series of results measured with a point source of light (see above) 
are also shown. For one set of measurements the fixation dot was illuminated 
by wave-length 600 mp., and for the other, by 540 my. The line shown joins 
the means of all readings at each wave-length. 

Even allowing for the fact that the ordinates at 550 my. in each series have 
been equated in value, the agreement between the two point series and the 
15’ sensitivity curve is very close. If the point on the retina used for fixation 
of the eye differs for each wave-length (Hartridge, 1946, 1947; Thomson, 1946), 
the two sensitivity curves for a point source should relate to different portions 
of the foveal retina. Since the distribution of the various receptors is probably 


500 700 
Fig. 6. The mean values of log S,,, for observer L.C.T. and for three types of observing conditions. 
X, 15’ semicircular field viewed at the centre of the fovea; @, a ‘point’ field viewed at 20’ 
above a green fixation dot. Y, a ‘point’ field viewed at 20’ above a red fixation dot. The full 
line joins the means of all the observations. 


governed by chance, the sensitivity curves obtained from these two different 
retinal ‘areas should show some differences of shape. In fact, the two curves 
are almost identical and if there is a variation of fixation point one cannot 
detect it by this method. 

Absolute relationship. The relative values for the constant kh for each observer 
were measured by threshold determinations at wave-length 550 my. under 
similar observing conditions. Fig. 7 shows the results with ordinates correctly 
related to those for observer L.C.T. To some extent the differences between the 
curves must be due to lack of knowledge of the value for a, in each individual 
eye, but it is interesting to note that the sensitivity of both protanopic eyes 
(G.D.P. and A.V.E.) is greater than normal in the blue and green region of the 
spectrum; a result which differs from that of Hecht (1949). This difference 
cannot at present be accounted for by absorption of light by the yellow macular 
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pigment, and it seems more likely that this increased sensitivity is achieved by 
some regrouping of the receptors in the protanopic eye. 

The usual loss of sensitivity in the red for the protanopic eye is well shown, 
and the protanomalous subject has a protanopic sensitivity in the red and 
orange region of the spectrum and a normal one in the blue. No technical 
defect could be found for the very low blue sensitivity of observer L.C.T. 
Such low values are probably not abnormal, since his sensitivity, when 
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400 500 
Fig. 7. The mean values of log S,,,. for all observers with ordinates 
correctly related to those for observer L.C.T. 


° 


‘measured with a 1° 20’ field (Thomson, 19496) agrees with the lowest figures 


given by Gibson & Tyndall (1923-4), being almost coincident with Tyndall’s 
own curve. 

Yellow foveal pigmentation. Wald (1945, 1949) has obtained an estimate of the 
density of the yellow macular pigment by comparing the sensitivity of the eye 
as measured at the fovea with that as measured outside the foveal area. The 
assumption was made that log S,,,. was similar in magnitude for both retinal 
areas. An extract of pigment from human maculae revealed the presence of 
lutein or leaf xanthophyll, and Wald gives the density (which is the best fit for 
his. visual estimate) of the crystalline substance dissolved in chloroform for 
each 10 my. of wave-length. 
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If Wald is correct, the sensitivity curves reported here should be affected by 
the absorption of light by leaf xanthophyll, and an attempt to check Wald’s 
estimate has been made in Fig. 8. Here the lowest curve of each set which, like 
its fellows, is merely a smooth curve drawn through the calculated points, gives 
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Fig. 8. Correction for the absorption of light by the yellow macular pigment. By applying various 
percentages (shown by the numbers against each curve of a set) of Wald’s estimate for the 
density of the foveal pigmentation, the values of log S,,,.. have been determined for each 
observer. The smooth curves shown join the calculated values at each 10 my. of wave- 
length. 


the values for log S,,,, and at the foot of the figure three vertical bars indicate 
the wave-lengths of maximum absorption by leaf xanthophyll. There is some 
evidence that the values of log S,, for observers A.V.E., W.D.W., L.C.T. and 
P.W.T. have been affected by the absorption of light by this pigment, since 
small depressions occur in the curves at wave-lengths corresponding to the 
maxima of absorption by leaf xanthophyll. These depressions are most clearly 
shown at wave-lengths 430 and 455-5 my. 
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An attempt has been made to calculate log S.,, by using Wald’s estimate of 
macular pigmentation. 
from equation (4), 


log Sree, = 10g Srey. —log 6, 
and D,=log 1/h, 
where D) is the estimated density of the leaf xanthophyll at the fovea, the values 
given by Wald may be added directly to log S,,,. to give log S,,. which is 
plotted as the curve marked 100 in each set of data in Fig. 8. Wald’s estimate 
is, however, too great, because after its use the minima become maxima and 
the values for log S,,,. are impressed by the peaks of the leaf xanthophyll 
absorption spectrum. 

Since D, =«,Cl, where ¢, is the absorption coefficient of leaf xanthophyll, C, the 
concentration of the pigment in the retinal tissues and I, the thickness of tissue 
through which the light must pass, D, « C,1 being approximately constant. 
By applying to the data various percentages of Wald’s correction the effect of 
differing concentrations of the pigment may be gauged. The intermediate 
curves in Fig. 8 show such a correction. If the ‘smoothest’ curve of each series 
be chosen as the one in which the absorption by leaf xanthophyll has been 
correctly gauged, the values for each observer are; L.C.T., 50%; W.D.W., 
30%; A.V.E., 50%; G.D.P., 15% or less; P.W.T., central 30%; P.W.T. 60’, 
15%. Since the value of | at 60’ is about three Pa that at the centre, the 
concentration of the pigment in the lateral position must be even less than 
15°% of Wald’s estimate. The value for L.C.T. indicates an approximate 
concentration of leaf xanthophyll in the tissues of 200 mg./l. If ¢y,. = 2°55 x 10* 
(Zscheile, White, Beadle & Roach, 1942) and !=0-007 cm. Wald’s estimate of 
6, would appear to be somewhat too large. This may be due to his neglect of 
differences of receptor sensitivity between the foveal and extrafoveal regions. 
The present results indicate that the blue insensitivity of the foveal centre is 
due partly to absorption of light by this pigment and partly to a lower réceptor 
sensitivity to blue light, provided always that further yellow macular — 
do not exist. 

Too much reliance cannot be placed upon the result for observer A.V. E., | 
since in this case a fifth degree polynomial destroys the significance of the 
residual variation. 

Actually there are many carotenoid pigments, all with trident-like absorp- 
tion in the blue region of the spectrum, and it might be possible to find one 
which more nearly fitted the data (see Karrer & Jucker, 1948). Further, the 
effect of changing the solvent may be to change the wave-length of maximum 
absorption. Other computations on this basis could no doubt be attempted, 
but until one knows for certain the nature of the yellow pigment in the macula, 
Wald’s data are the only ones which can reasonably be used. 
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Absorption by haemoglobin. On viewing a 5° field evenly illuminated with 
violet light, P.W.T. was able to see the shadows of the blood corpuscles in the 
retinal vessels, and she confirmed that these shadows passed over and around 
the retinal area occupied by the test field when displaced 60’ into the left 
visual field. This is in accordance with Wolff’s (1948) description of the retinal 
capillaries and also with Weale’s estimate for the foveal area devoid of retinal 
vessels (quoted by Dartnall & Thomson, 1949.) 


Thus the results for observer P.W.T. (60’) must be affected by absorption of 


light by haemoglobin, and an attempt has been made to estimate the magnitude 
of this absorption. 

Some specimens of the perifoveal capillary bed injected with indian ink were 
examined. From these the largest reasonable estimate for the thickness of the 
haemoglobin film in front of the receptors was 10 u. About 50% of the light 
would pass between the capillaries and thus suffer no absorption, so that it 
was decided to calculate the effect upon the values of log S,,, of a solution 
of 10 yw. thickness covering 50°, of the test area, containing 15 g./l. of a mixture 
of 70% oxy- to 30% reduced haemoglobin. The density of this solution was 
calculated from the results (kindly supplied by Dr I. G. Wootton) of a new deter- 
mination at each 10 my. of wave-length of the density of a 1 cm. layer of both 
oxy- and reduced haemoglobin. 

The amount of light absorbed by this solution can be calculated, and if it 
is assumed that its effect on the visual response is equivalent to another solution 
absorbing the same amount of light, but uniformly spread over the retina, the 
transmission of the equivalent solution, c, may be calculated from the original 
density D, by the relation: ¢=1—m (1—10-D), 


where m is the fraction of the total area covered by the original solution. 
‘Thus for observer P.W.T. in the 60’ position, 

log Src, = log Srey, —log 5, —log (1 —m (1 —10-)). 
The most appropriate values (15%) for b, were chosen from Fig. 8, and the 
values obtained for log S,,,. are shown as the upper full curve in Fig. 9. The 
lower full curve gives the values for the same quantity when measurements 
are made in the central position, and with b, 50% of Wald’s estimate. The 
absolute relationship between the curves is shown correctly. The lower dotted 
curve gives log S,,, for the 60’ position and the upper dotted curve, similar 
values when the space correction factor m is neglected and —log ¢,=D,. This 
latter curve is clearly overcorrected. 

Thus the correction for absorption of light by haemoglobin is of minor im- 
portance in all spectral regions except that around wave-lengths 410-430 my, 
and although the values for log S,,. dip in the green and yellow region of the 
spectrum, the depressions cannot be wholly due to absorption of light by 
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~ haemoglobin because the magnitude of the correction required to smooth them 


leads to a large over correction of the values in the region of the Soret band at 
420 my. 

The two full curves are of similar shape, but with a remaining absolute 
discrepancy, which cannot at present be explained on the basis of retinal 
pigmentation. The difference may well be due to the greater sensitivity of the 
receptors in the 60’ position, i.e. the value of R (see above) may be different 
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Fig. 9. The mean values of log S,,.. for observer P.W.T. for the 60’ and central retinal positions. - 
(Full curves.) Dotted curve: the values when the space correction factor is neglected; dot 
and dash curve: the values of log S,,.. with the leaf xanthophyll correction alone applied. 
Vertical solid bars: maxima of oxy-haemoglobin. Vertical dotted bars: maxima of reduced 
haemoglobin. 


Rod contribution. It might be argued that some of the discrepancy noted 
above may be due to stimulation in the 60’ position of a proportion of rod 
receptors, which are more sensitive to light than the cones, and which would 
thus lower the threshold for the test area used. To test this possibility, the 
recovery of sensitivity following adaptation to white light was followed for 
20 min. (see Method section). Wave-length 580 my. was chosen as test stimulus 
because it should produce a double curve in which the upper part is usually 
attributed to the cones and the lower to the rods (Hecht, 1937). As may be 
seen from Fig. 10, which shows the values of log Z, plotted against the time in 
the darkness, there is no ‘knee’ to be seen anywhere in the curve for any 
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observer, and so it was concluded that the rod receptors played no part in this 
investigation. 

Residual irregularities. After all the above corrections have been made, 
certain residual irregularities, which may be related to an observer's colour 
vision, remain. These are shown in Table 2. P.W.T., in all except the red 
region of the spectrum, might be classed as a normal observer, which is in 
accordance with her hue discrimination data (Thomson & Trezona, 1951). 
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Fig. 10. The values of log Z, for all observers plotted against the time in darkness following adapta- 
tion for 3 min. to a white source of 2-27 x 10* photons. Note the absence of any ‘knee’ in the 
curves and that the test light used was of wave-length 580 my. 


Some of the irregularities noted in the observers with normal colour vision 
appear in the results for observer B.H.C., even though these refer to a different 
state of adaptation. The differences in all regions of the spectrum, except the 
violet, between the results for normal and protanopic observers is well marked, 
and the minor irregularities do appear to have some relation to colour vision. 
One cannot, however, exclude the possibility that they are due to absorption 
of light by retinal or pre-retinal pigments as yet undiscovered. 

The correspondence between the irregularities for observer L.C.T. and the 
maxima of brightness discrimination previously reported (Thomson, 19492) 
is disappointing and the attempt to determine regions of modulator activity 
by the present method is not a success. However, a persistently high relative 
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sensitivity around wave-length 420 my. does, in fact, correspond with a new 
region of modulator activity lately described by Donner & Granit (1949). 
This, in its turn, corresponds with a further maximum of brightness discrimina- 
tion recently found with a small test stimulus (Thomson, unpublished). The 
discrepancy between the raised sensitivity at 470 my. for observer L.C.T. and 
that at 490 my. for observer W.D.W. cannot, as yet, be explained. A raised 
sensitivity at 470 my., however, would correspond with the maximum of 
intensity discrimination found previously at this wave-length, which lends 
support to the idea that there is some relation between the intensity discrimina- 
tion data and spectral sensitivity. 


TaBLE 2. Residual irregularities in the values of log S,,.. 


L.C.T. L.C.T. 
L.C.T. red green P.W.T. P.W.T. 
Irregularity 15’ fixation fixation W.D.W. 0’ 60° G.D.P. A.V.E. 
Raised sensitivity at + + + + + + + - + 
600 or 610 my. with 
dip at 590 my. 
Raised sensitivity at + - + + + + + - ~ 
530 my. with dip 
at 540 my. 
Raised sensitivity at + + + + - = + - - 
630 mp. 
Raised sensitivity + + + + + io 6 + + + 
between 410 and 
430 my. 
Raised sensitivity at ~ + + + 
480 or 490 my. 
Raised sensitivity at + + + ~ - 
470 my. | 
Shoulder at 570 my. + + + + + + + ~ oe 


In Fig. 11 the full line joins the values of log S,,,. for observer W.D.W. when 
the leaf xanthophyll correction is taken as 30°%, of Wald’s estimate. In the 
same figure the dotted curve gives the values for the sensitivity of the frog’s 
dominator as measured by Granit (1947). The impression given by the values 
of log S,... is that they result from some combination of a single broad sensitivity 
curve, such as the dominator, with several narrower sensitivity curves, which 
are responsible for the local irregularities. This view is in accordance with 
Granit’s dominator-modulator theory, and is supported to some extent by the 
lack of any striking differences of the shape of the sensitivity curves as shown 
in Fig. 7, bearing in mind the very marked differences in the colour vision of 
the observers. 

However, a different idea will account for the facts equally well. Fig. 11 also 
shows the fit which is obtained between the values of log S,,,. and the three 
fundamental ‘response’ curves derived by Stiles (1939) from his own eye for 
a foveal test field. The only alterations made here to Stiles’s data ante eae 
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Wavelength, mu. 


10 200 500 700 
Fig. 11. Full line: the mean values for observer W.D.W. of log S,,,. with a leaf xanthophyll cor- 
rection of 30% of Wald’s estimate. Points: the values of the fundamental ‘response’ curves 
derived by Stiles (1939). Dotted curve: the values of the sensitivity of the frog’s dominator 
measured by Granit (1947). 


Wavelength, mu. X ——+ 


Fig. 12. Full line: the mean values for observer W.D.W. of log S,,.. with a leaf xanthophyll 
correction of 30% of Wald’s estimate. Points: the values of the fundamental ‘response’ 
curves calculated from Pitt’s data (1944). Dotted curve: the mean values of log S,,.. for the 
protanopic observer G.D.P. 
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the correction due to a)) have been to lower the red curve relative to the others 
by 0-2 log units and fit the curves as a whole to the data for observer W.D.W. 
by equating the values at wave-length 580 my. 

Stiles’s results, which are based on the assumption that the threshold energy 
value is entirely determined at any wave-length by the mechanism which is the 
most sensitive, show that three broad sensitivity curves, corresponding to three 
colour mechanisms, are alone sufficient to account for the threshold values, 
there being no need for a mechanism such as the photopic dominator. This 
view is in accordance with the Young-Helmholtz trichromatic theory of colour 
vision. 

Stiles’s curves cannot explain the protanopic spectral sensitivity curve 


- which descends more steeply on the red side of the maximum than either his 
ped or green curve. However, a further set of fundamental ‘response’ curves 


derived from those given by Pitt (1944) and compared with the values of 
log S,,., for observer W.D.W. in Fig. 12, might explain protanopic vision. 

Pitt’s original curves (1944), which are based upon his determination of the 
positions in the colour diagram of the fundamental stimuli, refer to the spectral 
sensitivity curve of the standard C.I.E. observer. Since the standard curve 
js probably too low in the blue and violet region of the spectrum (Wald, 1945), 
Pitt’s results have been recalculated to refer to observer W.D.W.’s own spectral 
sensitivity curve recently measured by a flicker method (Thomson, 19495), and 
it is these curves (corrected for absorption of light in the ocular media and 
macular pigment (30°%)), which are shown in Fig. 12. 

If we accept Stiles’s assumption (vide supra) these curves account well tor 
the present data, and, in addition, the classical idea that the protanope merely 
lacks the sensitivity curve due to the red mechanism is also substantiated, since 
the curve describing the sensitivity of the green mechanism agrees well with 
the values obtained for the protanopic observer G.D.P. (Fig. 12, dotted 
curve). 

The present results do not, unfortunately, assist in harmonizing Granit’s 
ideas with the classical trichromatic theory of vision. 


SUMMARY 


1. The spectral sensitivity curves have been measured with a test field 
subtending 15’ at the eye, and viewed with the central fovea, in five observers, 
two with normal colour vision, two with protanopic vision, and one with 
protanomalous vision. 

2. The retinal sensitivity and the receptor sensitivity have been defined and 
an attempt has been made to evaluate the corrections needed for their 
calculations. 

3. The allowance suggested by Wald (1949) for light absorbed by the yellow 


macular pigment, which is probably leaf xanthophyll, is too large. This 
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overestimate may be due to differences of receptor sensitivity which were 
neglected in his investigation. 

4. Any allowance for the light absorbed by haemoglobin may be neglected 
except in the violet region of the spectrum. 

5. Several irregularities of the results remain when all the corrections have 
been applied. The relationship between these and the colour vision of the 
observers is discussed. 


Once again I should like to thank Dr W. D. Wright for his kindness in allowing me the unre- 
stricted use of the colorimeter at Imperial College, and also for acting as one of the observers. 
My thanks are also due to Miss P. W. Trezona and Messrs A. V. Evans and G. D. Pennycook, 
for allowing me the use of their abnormal colour vision, and to Dr W. 8. Stiles for several sets of 
original figures and much useful discussion, and to Dr I. G. Wootton for the results of his deter- 
mination of the absorption coefficient of haemoglobin, and to Dr Norman Ashton for allowing me 
access to injected specimens of the retinal blood capillaries, and to Dr H. J. A. Dartnall for much 
useful criticism and discussion. I.am also grateful to the Medical Research Council for their 
continued support for visual research at Imperial College. 
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An intravenous infusion of adrenaline causes an immediate and large increase 
in the rate of secretion from the adrenal cortex (Vogt, 1944). This effect, which 
was measured by direct assay of the hormone(s) in adrenal blood, is prolonged, 
its duration increasing with the dose of adrenaline. Long & Fry (1945) have 
shown the effect to occur in the rat, and Forsham, Thorn, Recant & Hills (1948) 
| use it in man as a diagnostic test for Addison’s disease. The simplest explanation 
| of this phenomenon seemed to be an action of the drug on the cortical tissue 
A itself. The likely alternative was that it was mediated by release of adreno- 
) srticotrophic hormone (ACTH) from the pituitary. This was considered 
| improbable on account of the fact that the acceleration was detectable a few 
minutes after starting the infusion. The latent period between release of ACTH 

and increase of cortical activity was unknown at the time, and was only later 
| shown to be of the same order (Vogt, 1947). A further argument in favour of 
| direct action on cortical tissue was the observation that a rise in cortical secre- 
tion followed an infusion of adrenaline in a decapitated dog. Doubt, however, 
was thrown on this interpretation of the action of adrenaline by two sets of 
observations on rats: in the one it was found (Vogt, 1945) that histological 
| changes and weight increases of the adrenals, following chronic administration 
|  ofadrenaline for 1-3 weeks, were prevented by hypophysectomy. In the second, 
| Long & Fry (1945) showed that depletion in adrenal cholesterol and ascorbic 
acid follow injection of adrenaline in the normal animal, but are absent after 

hypophysectomy. The result in the first set of experiments could easily be due 
| to the degenerative changes which take place in an adrenal deprived of ACTH 
for a long period. It is known that under such circumstances the cortex 
| becomes unresponsive even to ACTH (Sayers, Sayers, Fry, White & Long, 
; 1944), The findings in the second set of experiments, however, represented 
a more serious objection, since the experiments took only a few hours and were 
| carried out no later than the third day after hypophysectomy. Great differences 
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exist between rats and cats in the response of the adrenals to hexoestrol 
(Somers, 1948), and there might be similar differences between rats and dogs 
in the dependence of the adrenal on the anterior lobe. Thus the whole matter 
required reinvestigation in the dog. The evidence to be obtained from a 
decapitated preparation is unsatisfactory, since these animals incur severe 
blood loss after the administration of heparin which precedes the collection of 
blood from the adrenal vein. Effects of anoxia or loss of fluid may, therefore, 
vitiate the results. The obvious preparation to use was then the perfused 
adrenal. The results with this method are reported in another paper (Vogt, 
1951). Two preliminary experiments, which appeared to show stimulation of 
cortical secretion by adrenaline, proved later to have been carried out under 
insufficiently controlled conditions, and in the remaining perfusions there was 
no evidence for a direct action of adrenaline on the gland. Neither could 
Hechter (1949) detect any action of adrenaline on perfused ox glands. There 
_ still remained the possibility that, in the whole animal, adrenaline acted on 
some organ other than the pituitary. It might possibly cause changes in the 
composition of the blood which would either stimulate cortical metabolism or 
antagonize some previously present inhibitory mechanism. The experiments 
reported here were carried out with the object of settling this question on the 
hypophysectomized dog. At the same time, they provided an opportunity of 
getting some information about cortical function in this preparation. 


METHODS 


Hypophysectomy was carried out through the roof of the mouth under pentobarbitone anaesthesia. 
In most experiments, anterior and posterior lobes were extirpated together, though occasionally 
the posterior lobe was not removed. When it became obvious that small fragments of the pars 
tuberalis had a decisive influence on the result, the median eminence was cauterized at the end 
of the operation in order to destroy any glandular tissue around the stalk. This involved a varying 
amount of hypothalamic damage, and thus the occasional occurrence of hypothermia, polyphagia 
and a tendency to circular movements. The animals were, of course, polyuric for the first days after 
the operation. In every animal, histological examination of the sella and the base of the brain 
was carried out, and a careful search made for fragments of glandular tissue. For this purpose, 
the material was embedded in paraffin and stained with isamine blue. 

The acute experiment was done 1-33 days after the hypophysectomy. Ether followed by chlora- 
lose were the anaesthetics. The splanchnic nerves were cut on both sides, then the dogs were 
eviscerated, the left adrenal vein was dissected out, its tributaries tied and heparin was injected 
(350-400 i.u./kg.). Collection of adrenal effluent, separation of plasma and assay of cortical hormone 
was done as previously described (Vogt, 1943), the assay being performed on adrenalectomized rats 
exposed to a temperature of +2 to 5° C. (Selye & Schenker, 1938). Unless otherwise stated, plasma 
prepared from arterial blood collected at the end of the experiment was injected into a group of rats 
used as controls. Their mean survival time served as baseline. Any significant (P <0-05) rise over this 
figure, produced by injecting adrenal plasma into litter-mates of the control rats, was interpreted 
as due to the hormone secreted by the cortex. Quantitative assessments were made by adding 
commercial adrenal extract (‘Eucortone’, Allen and Hanbury) to arterial plasma and comparing 
the increase in survival time with that seen after injecting adrenal plasma. All samples of adrenal 
blood in one experiment were taken for the same length of time. Before injection, differences in 
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volume of the plasma samples, due to variations in blood flow, were made up by the addition of 
arterial plasma, so that the volume of fluid and quantity of protein administered was the same in 
all rats. 

t-adrenaline solutions were prepared from synthetic base and infused into one femoral vein. 
In most experiments, 30ug./kg. (total dose) were infused during a period ranging from 10 to 
26 min. 

ACTH (Armour) was injected subcutaneously, starting on the day of hypophysectomy, every 
12 hr. in a quantity of 1 mg. of Armour’s standard per kg. body weight. Only the first dog (no. 263) 
had double that amount. The dogs were injected during the whole post-operative period. The last 
injection was given 12 hr. before starting the acute experiment for the collection of adrenal blood. 
The effect of the last injection of ACTH on cortical secretion would thus have subsided by the 
time the measurement of hormone production was started. 


RESULTS 


The experiments fall into two groups, one, in which substitution therapy with 
adreno-corticotrophic hormone (ACTH) was not carried out, and one, in which 
ACTH was administered. In the first group (twelve dogs), the interval between 
hypophysectomy and examination of adrenal response varied between 1 and 
33 days. The short interval (1-3 days), was abandoned because in two out of 
three dogs the state of the circulation during the experiment was unsatis- 
factory. No cortical hormone was found in any sample of adrenal blood in the 
two animals, and it was impossible to decide whether this was the result of the 
operation or of the circulatory failure. Table 1 is a summary of the remaining 
ten experiments. 

The doses of adrenaline are given in column 3. They would have elicited 
sustained responses in normal dogs. Column 4 indicates whether cortical hormone 
was found in the adrenal blood before starting the infusion. Its presence could be 
ascertained in all but one experiment (Exp. 256). In Exp. 256, hormone was 
probably present, but an insufficient number of rats was available to give a 
statistically significant result. In most or all of these dogs, therefore, cortical 
hormone was being secreted in amounts detectable by the test. Twice it was 
measured by comparing it with cortical extract (Exps. 213 and 238), and not 
found below the limit of normal figures for dogs in which the splanchnic nerves 
have been cut. A rough estimate of the hormone production in the remaining 
experiments is afforded by the difference between the survival time seen after 
injection of arterial blood and that after injection of blood from the adrenal. 
These differences too were within the range of those seen in normal dogs, 
though they appeared uniformly low. 

The fact that cortical secretion is not abolished after hypophysectomy is 
reflected in the comparatively slow atrophy of the gland. Normal figures for 


- the left adrenal (as percentage of body weight) of thirty-nine male dogs ranged 


from 0-0031 to 0-0103 with a mean of 0-0053. The corresponding weights for 
thirty female dogs were 0-0039-0-0111, mean 0-0066. The size of the left adrenal 
in the hypophysectomized dogs is entered in column 6, Table 1. Atrophy of 
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the gland is only evident in those animals which lived 20 days and more. The 
atrophy is larger than apparent in Exp. 233, since this animal was pregnant and 
would normally have had a gland above the average size. The histological 
section confirmed this by revealing an unusually narrow cortex. 

TaB_z 1. Effect of an intravenous adrenaline infusion on the rate of cortical secretion 


in the untreated hypophysectomized dog 
Rise in 
Presence of output of 
Days hormone cortical 
after in adrenal Adrenal hormone Histological 
blood weight resulting 
No. of ys- Dose (before (% body from in region of 
exp. ectomy (yg./kg.) infusion) Sex weight) infusion P 
213 | 40 a 3 0-0053 + 0-12 Some 
an 
232 10 30 + e . + Some pars 
tuberalis 
238 15 29 t 0-0051 + 0-07 Some pars 
tuberalis 
218 18 21 re) 0-0066 + Some pars 
anterior 
220 20 10 + 2 0-0040 . 0-10 Some 
an 
235 33 30 + 2 0-0036 + 0-08 Some 
an 
256 4 31 Probable 3 0-0050 ~ No rem- 
nants 
250 6 30 * 3 0-0048 - Very little 
pers 
tuberalis 
221 19 7 + 2 ~ Not 
examined 
233 28 36 + 0-0040 - Hardly any 
(pregnant) pars 
tuberalis 


The information on the effect of an adrenaline infusion on the rate of cortical 
secretion is summarized in the next column. The result (as also shown in 
Table 1), depended on the completeness of the operation. In order to abolish 
the effect entirely, as was done in the last four experiments listed, not only the 
pars anterior, but practically the whole pars tuberalis had to be destroyed. 
In the first six experiments of the table, fragments of the pars anterior or of 
the pars tuberalis, of a length of not more than 1-2 mm., were discovered in 
the stained sections and found sufficient to maintain some response to the 
infusion. These responses, however, were far from normal, their duration was 
usually brief and, as shown in the column headed P, the probability that such 
a response was due to chance was usually greater than 0-05. Since, however, 
the probability was always in the same region of about 0-08, the correct 
interpretation seems to be that the response was too small to be established 


with certainty in a single experiment, and not that the response was altogether 
absent. 


t 
t 
t 
I 
I 
d 


} 


ADRENALINE IN HYPOPHYSECTOMIZED DOG 137 


Undoubtedly, therefore, complete removal of the pituitary in the dog will 
abolish the increase in cortical secretion due to adrenaline. Since, however, 
these experiments had to be carried out some time after the hypophysectomy, 
this lack of response might be explained by assuming, either, that adrenaline 
acts through the release of ACTH, or that the cortex had become insensitive 
to adrenaline as a result of chronic lack of ACTH. The second alternative was 
suggested by the fact mentioned earlier on, that the adrenal cortex of the 
hypophysectomized animal becomes increasingly unresponsive to its most 
physiological stimulus, ACTH. In order to decide between the two possibilities, 
a series of experiments was conducted on hypophysectomized dogs treated with 
ACTH. 


TaBLe 2. Effect of an intravenous infusion of adrenaline (30ug./kg.) on the rate of cortical 
secretion in the hypophysectomized dog treated with ACTH 


Presence of 
Days hormone in Rise in e 
h blood pany 
ight rmone 
No. of shoe: (before (% body resulting from in 
exp. infusion) Sex weight) P of pituitary 
268 6 + 3 0-0046 - 0-018 Some pars 
tuberalis 
267 5 + 3 0-0073 - No viable tissue 
276 25 + 3 0-0081 - No remnants 
263 6 ~ 3 0-0077 ? (see text) No viable tissue 
271 5 - g 0-0052 ? (see text) No remnants 
272 5 - g 0-0060 ? (see text) Minute fragment 
of pars anterior 


treatment are described under Methods. The results are shown in Table 2. 
In one of the animals (Exp. 268), a remnant of pars tuberalis had escaped 
removal, This dog reacted to adrenaline like a normal animal with the exception 
that the increase in cortical secretion was short-lived. The result was thus 
essentially the same as in incompletely operated animals not injected with 


_ ACTH. In the remaining five dogs the operation was complete in four animals, 


very nearly so in the fifth (cf. last column of Table 2). Two quite different types 
of result were obtained. In dogs, Exps. 267 and 276, cortical hormone was 
detectable in the control samples of suprarenal blood, and infusion of adrenaline 
had no effect on the rate at which the cortex secreted. In these two animals, 
therefore, ACTH did not restore the response to adrenaline lost by hypo- — 
physectomy. The remaining three dogs, however, gave what appeared to be 
opposite results. The assay of cortical hormone is based on the observation 
that, normally, the survival time of the adrenalectomized rats injected with 
plasma from the adrenal vein of dogs is longer than that of rats injected with 
arterial plasma. In these experiments, however, the rats injected with plasma 
taken from the suprarenal vein before the infusion of adrenaline survived for 


f 
| The observations were made on six dogs. Dosage and spacing of the ACTH 
l 
f 
i 
’ 


138 MARY PICKFORD AND MARTHE VOGT 


a shorter period than those given arterial plasma. When adrenaline was ad- 
ministered, the suprarenal plasma lost this ‘toxic’ effect, but the survival time 
of the rats did not rise significantly above the figures observed with arterial 
plasma (Fig. 1). In these three dogs, therefore, we cannot be certain whether 
cortical hormone was present in adrenal effluent at any time during the 
experiment. The assay of samples of arterial plasma taken before and after the 
infusion of adrenaline showed that its effect on the survival time of rats 


Hr. 


4 
Sample 

Fig. 1. Exp. 272, hypophysectomized dog, 16 kg. chloralose. Evisceration and cannulation of left 
adrenal vein. Columns: mean survival times of groups of rats injected with the plasma 
sample indicated at the foot of each column. 0-35 ml. plasma given at each injection. Samples 
2-4 collected for periods of 8 min. Sample |: arterial plasma, obtained simultaneously with 
sample 2. Sample 2: adrenal plasma, control sample. Blood flow 3-1 ml./min. Average 
blood pressure 75 mm. Sample 3: adrenal plasma, collected during the last 8 min. of an 
infusion of adrenaline (30yug./kg.) lasting 14 min. Blood flow 5-2 ml./min. Average blood 
pressure 130 mm. Sample 4: adrenal plasma, collected 15 min. later. 1 et 
Average blood pressure 52 mm. 


remained the same throughout the experiment, so that the change produced 
by the adrenaline was confined to the adrenal effluent. Undoubtedly, therefore, 
adrenaline had altered the composition of adrenal blood in the hypophysecto- 
mized ACTH-treated dog. Whether, however, this change constitutes a rise in 
production of cortical hormone, depends on the cause of the toxic effect of the 
pre-adrenaline samples of suprarenal effluent. 


DISCUSSION 


The effect of an infusion of adrenaline on the adrenal cortex of the hypophysec- 
tomized dog not maintained with ACTH is dependent on the completeness of 
the operation. Small fragments of pars tuberalis or pars anterior are sufficient 
to maintain a response of the cortex, though this response is shorter and weaker 
than normal. The fact that only very little anterior lobe tissue suffices to main- 
tain the response, has its counterpart in the observation by Keller, Lawrence & 
Blair (1945) that small pieces of the pars tuberalis are sufficient to prevent the 
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atrophy of the adrenal cortex which occurs if the operation is really complete. 
The experiments do not solve the problem whether the lack of response after 
complete operation is due to the fact that adrenaline acts by releasing ACTH 
or to the loss by the cortex, through deprivation of ACTH, of the normal 


susceptibility to adrenaline. 


The experiments on ACTH-treated dogs, planned to answer this question, 
defy conclusive interpretation. In two experiments cortical hormone was 
found in adrenal blood, but its quantity did not change when adrenaline was 
infused. Thus, the results were the same as in the animals which had not been 
given substitution therapy. In the remaining three experiments, however, 
a new phenomenon was encountered. Suprarenal blood taken before administra- 
tion of adrenaline, when compared with arterial blood of the same dog, shortened 
the life of adrenalectomized rats instead of prolonging it. This acceleration of 
death might be due to a toxic factor always present in adrenal blood and only 
unmasked by a lower level or total absence of cortical hormone in the pre- 
adrenaline samples. If this explanation is correct, we are bound to conclude 
that the prolongation of survival time seen in these experiments after the 
infusion of adrenaline, is a proof of secretion of cortical hormone elicited by 
adrenaline in the absence of the pituitary. The quantity of hormone thus 
produced is presumably small, since the survival times do not significantly 
exceed those resulting from the injection of arterial blood. Hence, in the 
normal dog, this direct action on the cortex would only play a minor part in 
the acceleration of cortical secretion by adrenaline, the more important part 
being played by the release of ACTH. The complete lack of response in the 
hypophysectomized dog not given ACTH would have to be explained on the 
assumption that the cortex loses its susceptibility to adrenaline when deprived 
of the influence of the anterior lobe hormone. 

If, however, we postulate that we are dealing with a toxic substance only 
formed in the hypophysectomized ACTH-treated dog, and that this substance 
is removed as the result of the adrenaline infusion, then the picture of the 
action of adrenaline on cortical secretion appears entirely changed. We would 
no longer attribute the increase in survival time observed when plasma 
samples from hypophysectomized ACTH-treated dogs are tested after infusion 
of adrenaline to a secretion of cortical hormone but to the removal from the 
adrenal effluent of a toxic component. We would then conclude that adrenaline 
does not increase cortical secretion in the hypophysectomized dog, whether 


ACTH-treated or not, and attribute the response of the normal animal entirely 


to the’release of ACTH. This is the conclusion which Long & Fry (1945) have 
drawn from their experiments on the rat. To reach the same conclusion in the 
dog, bold assumptions have to be made which cannot easily be tested experi- 
mentally. In the mouse, Speirs & Meyer (1949) produced what appears to be 
conclusive evidence that hypophysectomy of as much as a fortnight’s standing 
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diminished, but did not abolish the cortical response to adrenaline. There are, 
however, great species differences in pituitary-adrenal relationship, as is 
illustrated for instance by observations made on pigeons (Miller & Riddle, 
1942). In these birds, hypophysectomy does not, as it does in mammals, 
abolish the adrenal hypertrophy produced by poisoning with formaldehyde. 
The experiments presented in this paper favour the view that, in the dog, as 
in the mouse, adrenaline exerts some effect on cortical secretion which is not 
caused by the release of ACTH. It seems unlikely, however, that the question 
whether the action of adrenaline on the cortex is entirely or only partly 
mediated by the pituitary can be finally settled until chemical methods are 
available for the isolation and identification of the products of cortical activity. 

As to the nature of the toxic substance encountered in adrenal plasma, one 
possibility ought to be considered. There is evidence to suggest that compounds 
regulating the electrolyte metabolism are secreted by the cortex independently 
_of the pituitary (Swann, 1940; Deane, Shaw & Greep, 1948; Bergner & Deane, 
1948). Such compounds might therefore be present in the adrenal blood of 
hypophysectomized dogs, and the question arises whether they are likely to 
be toxic to adrenalectomized rats. It is known, however, that desoxycorti- 
costerone, the synthetic salt-retaining steroid, prolongs the life of adrenal- 
ectomized rats. The same holds for the hormone, presumably a ‘salt factor’, 
secreted by the isolated gland perfused with blood of abnormal electrolyte 


composition (Vogt, 1949). It is, therefore, unlikely that such a hormone could - 


be responsible for the toxic effects described. 

The foregoing experiments have also given some information about the 
activity, in the completely hypophysectomized dog, of the adrenal cortex 
which is not under the influence of adrenaline. There is, first, the fact that, in 
the absence of any substitution therapy and before adrenaline was administered, 
cortical hormone was invariably found in adrenal blood. Then there is the 
paradoxical observation that, in dogs treated with ACTH, there may be, 12 hr. 
after the last injection, a depression in the level of cortical hormone in adrenal 
blood. This, at least, is the most likely interpretation of the fact that in three 
dogs adrenal plasma before infusion of adrenaline was detrimental instead of 
beneficial to adrenalectomized rats, and that the post-adrenaline samples did 
not protect the rats from low temperature any better than arterial plasma. 
Such a phenomenon could be explained on the assumption that the injections 
of ACTH, through providing the organism with an intermittent supply of 
cortical hormone, keeps the metabolic disturbances of the animal from reaching 
a degree which would be sufficiently severe to cause direct stimulation of 
cortical secretion. That abnormal composition of the blood may stimulate 
cortical activity directly was shown in the isolated perfused gland (Vogt, 
1948). This preparation responds, for instance, by accelerated hormone produc- 
tion to an increase in plasma potassium. There may be other, as yet unknown, 


x 
‘ 
? 


ADRENALINE IN HYPOPHYSECTOMIZED DOG 141 


alterations in the composition of the blood which may have similar effects. 
If these alterations were kept in check by substitution therapy with ACTH, 
stimulation of the cortex may not occur, and the cortex remain quiescent once 
the action of the last injection of ACTH has subsided. 


SUMMARY 

1. Complete hypophysectomy does not abolish the secretion of cortical 
hormone by the dog’s adrenal. 

2. In the absence of substitution therapy, the hypophysectomized dog does 
not show any increase in output of cortical hormone after an infusion of adrena- 
line, provided every fragment of glandular tissue has been removed. 

3. If a hypophysectomized dog is maintained on ACTH, the secretion of 
cortical hormone may be suppressed when the effect of the last injection of 
ACTH has subsided. Under these conditions, adrenal blood frequently 
assumes towards rats toxic properties, which disappear when adrenaline is 
being infused. Whether this phenomenon is the expression of a secretion of 
cortical hormone produced by the adrenaline cannot at present be decided. 
Nevertheless, it favours the view that adrenaline, besides releasing ACTH, 
can also act on the adrenal cortex by some other means. 

Our thanks are due to the Medical Research Council for a grant (to M. V.) which defrayed part 
of the expenses of the work. Grateful acknowledgement is made for a gift of ACTH by Messrs 


Armour and Company, Chicago, through the courtesy of Dr E. E. Hays. It is a pleasure to thank 
Dr J. A. Watt for his help in some of the*hypophysectomies. 


REFERENCES 


Bergner, G. E. & Deane, H. W. (1948). Hndocrinology, 43, 240. 

Deane, H. W., Shaw, J. H. & Greep, R. O. (1948). Endocrinology, 43, 133. 

Forsham, P. H., Thorn, G. W., Recant, L. & Hills, A. G. (1948). J. clin. Invest. 27, 534 P. 
Hechter, O. (1949). Fed. Proc. 8, 70. 

Keller, A. D., Lawrence, W. E. & Blair, C. B. (1945). Arch. Path. 40, 289. 

Long, C. N. H. & Fry, E. G. (1945). Proc. Soc. exp. Biol., N.Y., 59, 67. 


-Miller, R. A. & Riddle, O. (1942). Amer. J. Anat. 71, 311. 


Sayers, G., Sayers, M. A., Fry, E. G., White, A. & Long, C. N. H. (1944). Yale J. Biol. Med. 16, 
361. 

Selye, H. & Schenker, V. (1938). Proc. Soc. exp. Biol., N.Y., 38, 518. 

Somers, G. F. (1948). Investigation on the action of hexoestrol on the mammalian suprarenal gland. 
Ph.D. Thesis, University of London. 

Speirs, R. 8. & Meyer, R. K. (1949). Endocrinology, 45, 403. 

Swann, H. G. (1940). Physiol. Rev. 20, 493. 

Vogt, M. (1943). J. Physiol. 102, 341. 

Vogt, M. (1944). J. Physiol. 108, 317. 

Vogt, M. (1945). J. Physiol. 104, 60. 

Vogt, M. (1947). J. Endocrinol. 5, 57 P. 

Vogt, M. (1948). J. Physiol. 108, 45 P. 

Vogt, M. (1949). Feder. Proc. 8, 341. 

Vogt, M. (1951). J. Physiol. In the Press. 


is 
e, 
e. 
AS j 
¢ 
y 
e 
ye } 
is 
y 
if 
i- 
|. 
) 
f 
f 


142 


J. Physiol. (1951) 112, 142-148 612 .458:612.421.577-155.3 


INCREASED LYMPH HISTAMINASE IN ADRENAL- 
ECTOMIZED CATS AND ITS RESTORATION 
BY ADRENOCORTICAL EXTRACT 
BUT NOT BY ADRENALINE 


By A. CARLSTEN anv D. R. WOOD* 
From the Department of Physiology, University of Lund, Sweden 
(Received 24 February 1950) 


The part played by the adrenals in histamine metabolism has been studied 
previously from many points of view. Animals are very much more sensitive 
to histamine after adrenalectomy (Dale, 1920; Kellaway & Cowell, 1922; 
Selye, 1937; and others), According to Karady, Rose & Browne (1940), 
adrenalectomized rats have less histaminase in the gut and the lung than intact 
animals, and this can be restored to normal by giving adrenocortical prepara- 
tions. After removal of the adrenals in the cat, there is a striking rise in the 
histaminolytic power of thoracic duct lymph (Carlsten, 1950a). 

The histaminolytic activity of the lymph is considered to be due to the 
presence of the enzyme, histaminase. The active agent and histaminase are 
affected similarly by boiling and by dialysis and are both inhibited by 0-01 m- 
hydroxylamine (Carlsten, 19506). The histaminolytic activity is unlikely to be 
due to an acetylation of added histamine because results calculated from 
estimates of residual histamine made directly and after acid hydrolysis agree 
well. Any acetylated histamine, apparently inactive on direct assay of diluted 
lymph samples, would be made ‘free’ on hydrolysis. The calculated histamino- 
lytic activity would then always be zero, since all the histamine inactivated 
by acetylation would be recovered by hydrolysis. 

In a preliminary report (Carlsten & Wood, 19502), it was stated that this rise 
in the histaminase in the lymph after adrenalectomy could be restored to 
normal by infusion of adrenocortical extract but not by adrenaline. This paper 
is a more detailed report of those experiments. 


METHODS 
Histaminase determination. For the determination of histaminase we have 
used the simplified methods described by Anrep, Barsoum & Ibrahim (1947) 
and Wicksell (1949), using the latter’s detailed procedure. We have incubated 
1 ml. of lymph with 24 ml. of Tyrode’s solution containing 5g. of histamine 
* Present address, Department of Pharmacology, University of Sheffield. 
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(base) at 37°, samples of the mixture being taken as a rule after incubation 
times of 0, §, 1, 2, 4, 8 and 24 hr. The histamine remaining in the samples has 
been assayed on guinea-pig intestine. The advantage of these methods is the 
omission of the acid hydrolysis of the histamine after incubation of the lymph 
with a known amount of histamine for a certain time. It has been shown by 
Anrep e al, (1947), Wicksell (1949) and Carlsten & Wood (1950) that the 
remaining histamine can be directly assayed on guinea-pig intestine without 
acid hydrolysis with no loss of accuracy. 

Histaminase activity is expressed as yg. of histamine (base) destroyed per ml. 
lymph per hr. The formula used was that of Wicksell (1949): 

Histaminase activity = ug, histamine/ml./hr., 
where V is the volume of mixture incubated, H, and H, are the initial and 
remaining amounts of histamine after incubation of a volume of lymph », for 
a time 7 hr., under the conditions specified. 

With the routine times used, the shortest being $ hr., the activity of highly 
active lymph samples could not be accurately estimated. We have indicated 
results of this type in the form, activity, > 4. 

Preparation of the animal. Cats of both sexes weighing from 2 to 4 kg. were 
anaesthetized with ether and chloralose. A silicone-treated cannula was then 
inserted into the thoracic duct after resection of the second and third ribs on 
the left side, as described for the dog by Carlsten, Kahlson & Wicksell (1949). 
Artificial respiration was continued throughout the experiment. The blood 
pressure was recorded from one internal carotid artery which also served for — 
the collection of blood at the beginning and end of the experiment. When two 
or three control samples of lymph had been obtained at intervals of about 
30 min., the adrenal glands were removed through a midline abdominal 
incision. During this operation care was taken to avoid excessive handling of 
the viscera. The abdomen was then closed. 

Collection of lymph was continued at hourly intervals for up to 8 hr. in some 
animals. The blood pressure usually remained satisfactorily high, about 
90-110 mm. Hg, for some hours. 

Adrenocortical extract. In ten experiments, an infusion of adrenocortical 
extract in saline was given after adrenalectomy. In five cats, the infusion was 
started 1-3 hr. after the operation. In the other five animals the infusion was 
begun within 5 min. of adrenalectomy. The preparation used was Cortin, 
Organon, each ml. containing the extract from 50 g. fresh adrenal. Of this 
solution 0-5-1 ml. was infused in 20 ml. physiological saline in about 2 hr. 

Adrenaline. A solution of L-adrenaline hydrochloride in saline was infused 
at the rate of 5-10yg. adrenaline per minute, in the same volume of saline 
used for infusion of cortical extract. 
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Control experiments. To control the effect on lymph histaminase of the 
operative procedure itself, laparotomy was performed in three cats, and a small 
piece of muscle was removed from the dorsal abdominal wall, adjacent to the 
adrenals. In another control series of three cats, a solution of 0-9°% NaCl alone 
was infused after adrenalectomy, 20 ml. being given in 2 hr. 


RESULTS 
Effect of adrenalectomy on lymph histaminase. We have confirmed in cats 
Carlsten’s observation (1950a) that following adrenalectomy there is, usually 
within 1 hr., a distinct increase in the histaminolytic activity of thoracic duct 
lymph. The experimental figures are given in Table 1. 


TaBLE 1. Increase in lymph histaminase activity after bilateral adrenalectomy in the cat 


Lymph histaminase activity (yg. histamine destroyed/ml. lymph/hr.) 
Hours after adrenalectomy 
Before A 
adrenalectomy 1 2 3 4 6 8 
0-06 0-80 — 0-80 
0-24 0-40 0-38 0-84 — 
0-06 0-07 0-08 0-06 0-40 
0-85 0-90 3-0 2-6 2-8 
0-13 0-84 16 — 1-2 146 15 
0-10 13 1-8 —_ 2-0 2-0 1-8 


The duration of the increased level of lymph histaminase was apparent from 
the results in the last four animals, from some of which lymph samples obtained 
8 hr. after adrenalectomy still had a greatly increased activity. 

Control experiments. In animals suffering a mock operation procedure, no 
significant change in the histaminolytic power of the lymph occurred during 
4 hr. (Table 2a). 

Following adrenalectomy, infusion of 10 ml. of normal saline solution per 
hour did not prevent a similar rise in lymph histaminase activity to that 
observed in untreated adrenalectomized cats (Table 25). 

Effect of infusion of adrenocortical extract after adrenalectomy. In five cats an 
infusion of cortical extract (1 ml. ‘cortin’ in 11 ml. saline per hour) was started 
within 5 min. of adrenalectomy. As seen in Table 3 there was an increased 
lymph histaminase activity 1 hr. after adrenalectomy in all the cats as in 
normals, but in four of them the activity. diminished towards normal in the 
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Taste 2a. Failure of control operation to influence lymph histaminase 


Lymph histaminase activity (yg. histamine destroyed/ml. lymph/hr.) 
Hours after tion 
operation I 3 4 
0-05 0-06 — 0-06 
0-60 0-60 0-70 — 
0-30 0-24 0-20 0-25 
TasBLE 2. Failure of saline infusion to influence the increase in lymph histaminase 
after adrenalectomy 
Lymph histaminase activity (yg. histamine destroyed/ml. lymph/hr.) ? 
Hours after adrenalectomy 
Before 
adrenalectomy 1 2 4 6 8 
O42 2-8 3-3 3-0 28 3-2 
0-18 >4 a >4 >4 >4 
TaBiE 3. Effect of adrenocortical extract on increased lymph histaminase after 
adrenalectomy 
Lymph histaminase activity (ug. histamine destroyed/ml. lymph/hr.) 
Hours after adrenalectomy 
adrenal- 
ectomy l 2 3 4 5 6 8 9 
(a) Infusion started within 5 min. of operation 
0-09 0-80 0-26 0-08 0-12 0-09 
0-17 1-4 0-6 0-18 0-15 — 0-09* 0-25 — 
0-10 0-90 0-31 0-13* 0-22 
0-34 2-5 1-5 1-5 2-3 
_ (0) Infusion started 1-3 hr. after operation 
0-24 0-40 0-84t 0-60 0-35 0-24 0-10 
0-30 1-3t 0-55 0-60 0-26 
0-07 2-0 2-3 2-0 2-5 — 


* Infusion stopped. { Infusion started. 


succeeding hours (Table 3a). In two animals, alymph sample was also obtained 
after the infusion had been stopped. In each case the activity of this sample 
showed a tendency to increase once more. In the other five animals the 
infusion of cortical extract (0-5 ml. ‘cortin’ in 11 ml. saline per hour) was not 
started until 1-3 hr. after the adrenals had been removed. As expected, the 
histaminolytic activity of the lymph obtained, before the infusion started was 
much increased above normal. However, in two animals the lymph samples 
obtained after starting the infusion showed histaminolytic activity decreasing 
towards normal again. In one other animal, no real effect of cortical extract 
was seen, while in the remaining two cats the histaminolytic activity was so 
high and its magnitude so uncertain that no conclusion can be drawn other 
PH. CXII. 10 
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than that the activity did not return to normal limits during the infusion 
(Table 35). | 

Effect of infusion of adrenaline. In the five adrenalectomized animals receiving 
an infusion of adrenaline in saline solution there was a sustained rise in lymph 
histaminase activity exactly similar to that found in untreated animals after 
adrenalectomy (Table 4). 


Tasie 4. Effect of adrenaline infusion on lymph histaminase after adrenalectomy 
Lymph histaminase activity (yg. histamine destroyed/ml. lymph/hr.) 


Before Hours after adrenalectomy 

adrenal- -—— A 

ectomy 1 2 3 4 6 
0-14 2-7 2-5 — 2-5 3-0 
0-24 2-6 3-0 — 3-2 
0-12 0-50 0-75 0-80 — 0-60 
0-06 >45 >45 >45 
0-12 2-0 18 2-0 15 15 


Infusion of 5-10yg. adrenaline started within 5 min. of adrenalectomy. Lymph histaminase 
activity increases just as in untreated adrenalectomized cats, cf. Table 1. 


Plasma histaminase activity. There was no alteration in the histaminolytic 
activity of the plasma as a result of the adrenalectomy. Samples obtained 
6-8 hr. after adrenalectomy had insignificantly different activity from samples 
obtained before the operation. 


DISCUSSION | 

The fact that the increased histaminolytic activity after adrenalectomy is not 
reversed by cortical extract in all our ten cats may be due to the use of an 
inadequate amount of the extract. Because of the delay in estimating hista- 
minase content it was not possible to control this by observing the effect of 
increasing the rate of infusion. A definite restoration of the increased activity 
towards normal was found in five of the ten cats. In the five other cats, in 
which cortical extract had no apparent effect, the lymph histaminase activity 
was high, in two of them so high as to be estimated only approximately. 

The observations that adrenocortical extract can reverse the considerable 
increase in histaminolytic activity of thoracic duct lymph is in accord with 
a very close relationship between histamine metabolism and the adrenal cortex. 
Of immediate relevance to the results just described is the finding by Karady, 
et al. (1940) that in rats the histaminase content of the lung and intestine is 
reduced after adrenalectomy and that this change can also be reversed by 
injection of cortical extract. It is tempting to relate the rise in lymph hista- 
-minase to the fall in tissue histaminase, but no direct proof of this has been 
tested. Certainly, one may speculate as to what happened to the histaminase 
which ‘disappeared’ from the tissues of the adrenalectomized rats of Karady 
et al. Under these conditions, is there, because of some increase in the perme- 
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ability of cell membranes, a loss of histaminase into tissue lymph in the intestine 
and lung, which drains into the thoracic duct? It is noteworthy that Carlsten 
(19506) has found no histaminase activity in the jugular lymph of normal 
animals. This lymph is derived from areas which contain little histaminase. 

The adminstration of cortical extract may serve to re-establish the normal 
cell permeability or to reverse another mechanism responsible for the liberation 
of histaminase from tissues where it is normally found. Also in keeping with 
these results are the observations of Rose & Browne (1940) that after adrenal- 
ectomy the histamine content of stomach, intestine, liver and lung increase in 
the rat. It is suggested that these increases are correlated with the fall in 
histaminase content of some of these tissues and further, with the increased 
sensitivity of the adrenalectomized animals to injected histamine.. These 
authors had also shown (Rose & Browne, 1938) that injected histamine disap- 
pears less quickly from the blood and tissues (especially kidney) of rats after 
adrenalectomy. 

A simpler explanation of the increased lymph histaminase would be that it 
is due to a concentration of the lymph after adrenalectomy. That this is not 
so may be inferred from the fact that although the flow of lymph may be 
reduced by as much as 50%, the histaminase activity may increase 20-fold. 
Further, Carlsten (1950a) has shown that the absolute amount of histaminase 
discharged each hour from the thoracic duct is increased after adrenal- 
ectomy. 

Another possibility is that a cortical hormone is a competitive antagonist of 
histaminase, and that in adrenalectomized animals this antagonism is removed. 
Alternatively, loss of a cortical hormone may unmask or set’ free some agent 
which activates histaminase. In either event, replacement of that hormone 
would tend to restore the normal histaminase activity of lymph in vitro. 

It is known that cortical extract causes a reduction in the number of circu- 
lating lymphocytes, while adrenalectomy increases the lymphocyte count both in 
blood and in the lymph, and it might be argued that the histaminolytic activity 
of lymph might be dependent on the number of lymphocytes present. A few 
experiments reported by Carlsten (1950q) indicate that this is unlikely. From 
Table II of his paper it is obvious that there is no correlation between hista- 
minolytic activity and lymphocyte count. 


SUMMARY 


1. In anaesthetized cats, we have confirmed the rise in histaminolytic 
activity of the thoracic duct lymph occurring usually within 1 hr. of bilateral 
adrenalectomy. 

2. This increased activity is not reversed by continuous infusion of an 
adrenaline solution or normal saline. | 
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3. Infusion of an adrenocortical extract reversed in five out of ten animals 
the increased histaminase activity of thoracic duct lymph after adrenalectomy. 

4. The implications of these findings are discussed especially in relation to 
the earlier observations on histamine and histaminase in adrenalectomized 
animals. Some possible explanations of the observations are mentioned. 


We wish to record our thanks to Prof. Georg Kahlson for his stimulating interest during this 
work. One of us (D. R. W.) was fortunate to enjoy the hospitality of Prof. Kahison’s laboratory 
while holding the George Herbert Hunt Scholarship, 1949, and also acknowledges gratefully an 
additional maintenance grant from the Medical Research Fund of the University of Sheffield. 
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THE MECHANISM OF WATER DIURESIS 
IN ADULT AND NEWBORN GUINEA-PIGS 


By 8. E. DICKER anp H. HELLER | 
From the Department of Pharmacology, University of Bristol 
(Received 25 February 1950) 


Recent work in renal physiology has emphasized species differences in mam- 
malian kidney function. It seemed, therefore, of interest to investigate the 
kidney of the guinea-pig which, in this respect, has so far been neglected. All 
that appears to be known is that the time relations of water diuresis in adult 
guinea-pigs resemble those of the rat rather than those of the rabbit (Heller & 
Smirk, 1932). This observation suggested further analysis of renal function by 
means of clearance estimations. The work was extended to newborn guinea-pigs. 


METHODS 
Experimental animals 
Sixty-six adult guinea-pigs (mean weight 450 g.) kept in runs in the open air up to the time of the 
experiment and sixty-seven guinea-pigs of the same strain, 20-30 hr. old (mean weight 70 g.) 
Inulin clearances in adult guinea-pigs 
Adult guinea-pigs were given 5-0 ml./100 g. body weight of tepid water by stomach tube and 


. were then injected subcutaneously with 2-0 ml./100 g. body weight of a 5% solution of inulin. 


Handling, prodding or even suprapubic pressure failed to induce emptying of the bladder; it was 
therefore necessary to rely on spontaneous micturition. Spontaneous emptying of the bladder 
occurred readily after water administration. The voiding of the bladder which occurred 90 to 
105 min. after the water had been given, i.e. during the peak of the water diuresis (Heller & 
Smirk, 1932) was taken as the beginning of the urine collecting period. A second micturition (=end 
of the urine collecting period) occurred spontaneously between 14 and 27 min. after the first. The 
average time of collecting period amounted to 20-0+1-7 min. (8.x. of nineteen observations). 
Immediately after the second micturition the animal was killed and blood collected from the 
jugular and carotid vessels. Heparinized plasma was used throughout. 


Inulin excretion by newborn guinea-pigs 


Newborn guinea-pigs cannot be made to empty their bladder at regular intervals, and even 
after spontaneous micturition their bladder is not quite empty. To collect urine quantitatively the 
newborn animals had to be killed and the urine withdrawn by bladder puncture. Short urine col- 
lecting periods for the estimations of inulin clearances were thus impossible. To overcome this 
difficulty, the following method was used: newborn guinea-pigs were given 5-0 ml./100 g. body 
weight of tepid tap water by stomach tube and injected subcutaneously with 2-0 ml./100 g. of 
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a 5% solution of inulin. Immediately after the injection, they were put in individual metabolism 
cages and kept for 5 hr. at room temperature. At the end of the period, they were killed by 
decapitation, blood collected in heparinized tubes and the urine withdrawn by bladder puncture. 
The bladder urine was added to any urine which had been spontaneously excreted during the period 
of observation. Inulin was estimated in plasma and in urine. A series of adult controls were treated 
in an identical manner except that the urine collecting period was started immediately after the 
animal had emptied its bladder spontaneously. 
Calculation of true inulin concentration in the urine of newborn animals 

As newborn guinea-pigs do not empty their bladder completely, there was always a certain 
amount of residual urine in their bladder before they were injected with inulin. To calculate the 
true concentration of inulin in the urine collected during the 5 hr. of observation, the following 
formula was used: O,xV 

(1) 
where C ,=true concentration of inulin in urine (mg./100 ml.), C, =the estimated concentration of 
inulin (mg./100 ml.), V,=volume of residual urine (ml./100 g. body weight) found in the bladder 
of a control series of newborn guinea-pigs killed just before the beginning of the experiment and 
V =total urine volume (ml./100 g. body weight) collected at the end of the experiment. 

: Water excretion in adult and newborn guinea-pigs 

(a) Dilution test. Adult and newborn guinea-pigs were given an amount of water equal to 5% 
of their body weight by stomach tube, and were put singly into glass metabolism cages for 3 hr. 
Each time that adult guinea-pigs voided urine spontaneously its volume and specific gravity were 
measured, The newborn animals were killed at intervals of 60 min. and the urine withdrawn by 
bladder puncture. The volume of residual urine in similar newborn animals was taken into account 
to calculate the true urinary volume and its specific gravity. There was no residual urine in the 
adult animal as experiments on them were started only when the animal had emptied its bladder 

usly. 

(6) Concentration test. Adult and newborn guinea-pigs kept in individual metabolism cages were 
deprived of food and water for 24 hr. In the adults, the specific gravity of samples collected after 
8 and 24 hr. was measured. In the newborn guinea-pigs, urine samples were collected as they were 
voided, except the last sample which was withdrawn by bladder puncture after the animal had 
been killed. Each sample was measured and its specific gravity estimated. 


Determination of specific gravity of urine 
Heller’s (1940) apparatus was used. To estimate the true specific gravity of the urine samples, 
an equation similar to that for the calculation of true concentration of inulin was used (Heller, 1949). 
Analytical method 
Inulin in plasma and urine was determined by the method of Smith, Goldring & Chasis (1938). 


RESULTS 
Water diuresis in adult and newborn guinea-pigs 

Fig. 1 shows the rate of urinary output following the administration of 5-0 ml. 
water/100 g. body weight. The results in the adult animals confirm those of 
Heller & Smirk (1932). During water diuresis, the specific gravity of their 
urine decreased to 1-0083 + 0-0002 (12). 

The residual urine, i.e. that present in the bladder before administration of 
water in a series of newborn guinea-pigs amounted to 0-95 + 0-052 (12) ml./100 g. 
body weight. Another series of newborn guinea-pigs were given 5-0 ml./100 g. 
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body reli of water by stomach tube and were killed after 60, 120 and 180 min. 

To calculate the percentage of administered water excreted, the mean value of 
residual urine was subtracted from the amounts of urine found in the bladder. 

No spontaneous micturition occurred in any of these experiments. It will be 
seen from Fig. 1 that while adult guinea-pigs excreted 116-9 + 6-18 (12) % of the 
administered water in 3 hr., newborn guinea-pigs excreted 52-2 + 4-60 (12)% 
only. The mean specific gravity of urine samples of newborn guinea-pigs 
collected during water diuresis amounted to 1-0092 + 0-0006 (12) and was thus 
not significantly different from those of the adults. 


8S 


Administered water excreted (%) 


o 


0 1 2 3. 

Time (hr.) 
Fig. 1. Comparison between the urinary output of adult and newborn guinea-pigs after admini- 
stration of 5 ml]. water/100 g. body weight. @——-@ = mean urinary output of adult animals; 
O--*-- © =mean urinary output of newborn animals. The vertical lines indicate the standard 


Effect of dehydration on urinary excretion 

(a) Adult guinea-pigs. The animals were kept in individual metabolism cages, 
at room temperature (19-20° C.) and food and water were withheld for 24 hr.: 
the specific gravity was estimated in the urine collected during the last 16 hr. of 
observation. The animals were killed at the end of the period of experimentation ; 
any bladder urine found was measured and its specific gravity estimated. The 
results suggest that the ability of adult guinea-pigs to concentrate urine is much 
less marked than in adult rats (Heller, 1949), the maximum concentration 
observed under the same conditions being 1-056 +0-0022 (20) in rats and 
1-026 + 0-0016 (12) in guinea-pigs. 

(6) Newborn guinea-pigs. It proved impossible to induce micturition in 
newborn guinea-pigs. The specific gravity of the urine in the dehydrated animals 
was therefore usually determined in 24 hr. urine samples using urine withdrawn 
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by bladder puncture. In some cases, however, newborn animals voided urine 
spontaneously during the first 8 hr. of the period of dehydration. The bladder 
urine collected from these animals was therefore more nearly comparable to 
that obtained from the dehydrated adult guinea-pigs; its specific gravity 
amounted to 1-026 + 0-0013 (12) ; there was thus no significant difference between 
the specific'gravity of urine samples of dehydrated adult and of newborn guinea- 
pigs. 


280 
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Urine flow (mi./100 g./min.) 

— Relation between inulin clearance (= Gomerular filtration rate) and rate of urine flow in 

adult guinea-pigs. 


Inulin clearance (glomerular filtration rate) in adult guinea-pigs — 
The glomerular filtration rate of adult guinea-pigs as estimated from inulin 
clearances amounted to a mean of 0-23 + 0-006 (32) ml./100 g. body weight/min. ; 
it did not vary with the rate of urine flow (Fig. 2). 


Rate of inulin excretion in newborn and adult guinea-pigs 
- The amount of inulin excreted in 5 hr. by newborn guinea-pigs, to which the 
standard dose of water and of inulin had been administered, was compared 
with that excreted by adults treated in an identical manner. Fig. 3 shows that 
while in adult guinea-pigs the amount of inulin excreted per 100 g./min. was 
independent of the urine flow, the rate of inulin excretion in the newborns 
varied with the rate of urine flow. At higher rates of urine formation the rate 
of inulin excretion by newborn guinea-pigs reached that of adults (Fig. 3). The 
volume of the urine withdrawn from the bladder of the newborns represented 
the sum of residual urine and urine excreted during the experimental period, 
but the true concentration of inulin in the urine was calculated by means of 
equation (1) (see Methods). Relating this value to the plasma inulin concentra- 
tion found when the animals were killed, it was possible to obtain some indica- 
tion of the rate of tubular water reabsorption at different urine outputs. When 
comparing such values for the inulin U/P ratio in newborn guinea-pigs with 
inulin U/P ratios obtained in adult animals by the same procedure, it will be 
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seen (Fig. 4) that the rate of tubular water reabsorption at comparable rates 
of urine flow appeared to be much the same in the two series. These results would 
agree with the fact that during dehydration and hydration the same values for 
‘he specific gravity of urine was observed in newborn and adult guinea-pigs. 
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Fig. 3. Fig. 4. 
Fig. 3. Relation between rate of inulin excretion and rate of urine flow in newborn and adult guinea- 
pigs. x =newborn animals; © =adult animals. 
Fig. 4. U/P ratio of inulin in newborn and adult guinea-pigs related to rate of urine flow. x =adult 
animals, © =newborn animals. 


DISCUSSION 


It is a puzzling fact that during water diuresis the rate of glomerular filtration 
and that of urine flow are correlated in the rabbit (Kaplan & Smith, 1935; ~ 


’ Wilkinson & McCance, 1940; Dicker & Heller, 1945; Forster, 1947), while no 


such correlation has been found in another species of rodent, viz. the adult rat 
fed on an adequate diet (Dicker & Heller, 1945; Dicker, 1949). As shown 
recently by Dicker & Heller (1950), the glomerular component in the regulation 
of the urine volume in rabbits appears to be a physiological response in this 
species, The experiments on adult guinea-pigs, reported in this paper, show that 
renal function in this rodent resembles that of the rat rather than that of the 
rabbit, i.e. the urine volume during a water diuresis is regulated by tubular 
water reabsorption exclusively. Our results suggest further that the differences 
in renal function between rabbit and guinea-pig cannot be explained by their 
nutritional habits as both species are herbivorous. 

_ All available criteria indicate that guinea-pigs are more mature at birth than — 
the newborn of other laboratory mammals and man: newborn guinea-pigs show 
co-ordinated locomotion and position reflexes, they are not blind and their 
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incisors and molars are present at birth. Furthermore, there are indications 
that the tissue metabolism of newborn guinea-pigs is more mature: their 
tolerance to anoxia has been shown by Fazekas, Alexander & Himwich (1941) 
to be lower than that of the newborn cat, dog, rabbit or rat; in fact, according 
to Cheymol (1948), it is no greater than that of the adult. It is therefore not 
surprising that the renal function of newborn guinea-pigs compared in many 
respects with that of adult animals. Dilution and concentration tests showed 
much the same values for urinary specific gravity in both adults and newborns. 
Inulin U/P ratios also were much the same at comparable rates of urine flow, 
suggesting mature function of the renal tubules in the newborn guinea-pig. 
There seem, however, to be differences in glomerular function: after the 
’ administration of water to newborn animals the glomerular filtration rate 
increased with the rate of urine flow; at low rates of urine flow the rate of 
glomerular filtration was much below that encountered in adult animals, but 
it reached the adult level at high rates of urine flow. The newborn guinea-pigs 
excreted a smaller fraction of a standard dose of administered water in a given 
time than adults, as do puppies (Adolph, 1943) and newborn rats (Heller, 1947; 
McCance & Wilkinson, 1947). It is conceivable that the variability of the 
glomerular filtration rate observed has a bearing on this finding, mone extra- 

renal factors cannot be excluded. 


SUMMARY 

1. Inulin clearances in adult guinea-pigs did not change significantly with 
variations of urine flow ranging from 0-001 to 0-065 ml./100 g. body weight/ 
min. The mean inulin clearance amounted to 0-23 + 0-006 (32) ml./100 g. body 
weight/min. 

2. Determination of rates of inulin excretion in newborn guinea-pigs showed 
’ that glomerular filtration rate increased with increasing urine flow. 

3. Adult guinea-pigs excreted 116-9+6-18 (12)% of a standard dose of 
administered water in 3 hr., while newborn animals excreted 52-2 + 4-61 (12) % 
only, suggesting that water diuresis was incompletely developed in guinea- 
’ pigs aged approx. 24 hr. 

4. Specific gravity estimation of urine samples and determinations of inulin 
U/P ratios during water diuresis showed that the urine of newborn guinea-pigs 
becomes diluted to much the same extent as that of adults. The ability of new- 
born animals to concentrate was similar to that of adult guinea-pigs. 

One of us (H. H.) wishes to thank the Medical Research Council fora grant for technica 
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SOME PROPERTIES OF ISOLATED CEREBRAL CORTEX 
IN THE UNANAESTHETIZED CAT 


By B. DELISLE BURNS 
From the National Institute for Medical Research, Mill. Hill, N.W. 7 


(Received 1 March 1950) 


In an earlier paper an account was given of the preparation and some of the 
properties of a neurologically isolated slab of cerebral cortex, isolated in such 
a way that its blood supply was the only remaining connexion with the rest of 
the animal (Burns, 1949, 1950). In these experiments isolation produced a 
disappearance of the ‘spontaneous’ activity found in the lightly anaesthetized 
brain, although the cells within the isolated area had not apparently been 
injured by the surgical operation, for they would still respond to electrical 
stimulation applied through electrodes on the brain’s surface. All these earlier 
experiments, however, were made with preparations in cats under light chloralose 
anaesthesia, and it seemed possible to ascribe the inactivity of the isolated 
cortex to the anaesthetic used. It was therefore necessary to extend these 
experiments to the unanaesthetized animal. Fortunately, it proved possible 
to decerebrate cats in such a way that a part of one cerebral hemisphere re- 
mained in the cranial cavity, with all its nervous connexions cut but with 
undisturbed blood supply. The experiments reported have all been carried out 
with such preparations. 
METHOD 

The cats used weighed between 2-5 and 3 kg. A large cat has the advantage that it provides 
a greater surface area of accessible cerebral cortex, but has the disadvantage that haemorrhage 
during the operation is hard to control. The cats were anaesthetized with ethyl ether, and after 
the insertion of a tracheal tube the common carotid arteries were exposed. Because the isolated 
cortex was always prepared from the left cerebral hemisphere, the right common carotid was 
invariably tied off, while a thread was passed round the remaining carotid so that it could be easily 
found later on. The head of the animal was placed in a Czermak holder and clamped with the 
vertex upward and above the body of the cat. The right temporal muscle was reflected from the skull 
and the bone trephined and cut away so as to expose as much of the right hemisphere as possible ; 
the opening in the skull was carried to within 3 mm. of the mid-line. The dura-mater was opened 
and cut away, and diathermy was then used to seal off, close to the cut margin of the skull, all the 
blood vessels supplying and draining the surface of the right hemisphere. At this stage of the 
operation the left common carotid was clamped, and the clamp was left on until the preparation 
was finished. A sharp knife was used to cut round the ring of cortex which had been hardened by 
diathermy ; the greater part of the right hemisphere of the brain could then be removed by suction 
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applied through a glass tube. It is important to leave the right marginal gyrus (Fig. 1, a) intact, 
otherwise damage to the sagittal sinus and the veins draining the left hemisphere is almost in- 
evitable. The brain-stem was cut across with a metal spatula, employing the margins of the ten- 
torium cerebelli as a guide. The spatula had smooth, rounded edges, in order to avoid damage to 
the vertebral arteries; for the same reason it was not dragged across the base of the skull, but was 
pressed down carefully upon the bone in a number of places so as to cut all nervous connexions, 
while producing only a temporary compression of the vertebral arteries. Finally, the suction tube 
was used to hollow out the left hemisphere in such 

a way as to leave a shell of cerebral cortex on the 
left side, 7-10 mm. in thickness (Fig. 1, b). The circle 
of Willis (Fig. 1,c) was protected from the suction tube 
by slipping a bent metal spatula above it and pressing 
down firmly upon it, while sucking out the mid-brain 
above the spatula. When decerebration was complete 
the cranial cavity was packed loosely with dry cotton- 
wool in order to support the shell of remaining cortex 
on the left side, and the administration of ether was 


The left side of the skull was next opened, and the 
rest of the operation was carried out in the manner 
described for the anaesthetized cat (Burns, 1950). 
Although the shell of cerebral cortex on the left side 
had been neurologically isolated by the process of 
decerebration, the crest of the suprasylvian gyrus was 
again isolated from the rest of the cortical shell (Fig .1, d). 
This provedure ensured that the area studied was com- 
pletely isolated from the rest of the nervous system and of a slab (d) of isolated cerebral cortex 
provided a slab of isolated cerebral cortex which did not in the d ahh aah thie teeh 
include sulci; their exclusion made the interpretation of 
responses to stimulation much easier. The isolated slab usually presented a surface of about 
20 x 6 mm. 

The methods of stimulating and recording were essentially the same as those used for cats under 
chloralose. Electrical stimuli were applied through a pair of surface electrodes, 0-25—0-5 mm. apart 
and consisted of rectangular potential changes of duration 0-2—0-8 msec.; for the most part the 
stimuli were single shocks, but occasionally a pair of stimuli, with a variable interval between them, 
was used. Responses were not usually tested more often than once a minute. Non-polarizable 
recording leads were applied to the surface of the isolated gyrus, made from fine silk threads, 
soaked in Agar-NaCl solution and threaded through small chlorided silver tubes. | 

In the appropriate figures a drawing of the arrangement of electrodes upon the brain’s surface 
is given, while the distance in mm. of the recording leads from the stimulating lines is entered 
beside the appropriate trace of the double-beam oscillograph. In those records obtained with the 
amplifier a.c.-coupled, the diagram shows a condenser in one amplifier lead; the number given 
beside the condenser symbol indicates the time constant of the recording system in msec. Nega- 
tivity of the amplifier lead nearest to the stimulating lines is recorded as an upward deflexion of 
the trace. Bracketed traces were ded simult ly. 


Fig. 1. Coronal section through a cat’s 
skull, drawn to illustrate the preparation 


RESULTS 
Spontaneous activity of the isolated cortex 
The isolated cerebral cortex of an unanaesthetized animal ‘is electrically 
inactive and shows no sign of the synchronous discharges of large groups of 
cells seen with the isolated whole brain (Bremer, 1935). 
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When spontaneous outbursts of activity do occur they are a transient, 
post-operative phenomenon. In about one-third of the preparations there 
was, immediately after operation, a peculiar form of spontaneous activity 
which consisted in periodic outbursts repeated every 10-30 sec. Each burst 
involved the whole of the isolated area and lasted between 2 and 4sec. Between 
_ these periods of activity all parts of the cortex were silent. The frequency of 
these outbursts was greatest immediately after operation and declined steadily 
with time, so that no preparation showed spontaneous activity when tested 


e 
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Fig. 2. Responses of the cortex to repeated electrical stimulation. The upper trace of each pair 
records the cortical responses. The lower trace records stimuli; the strength of the 0-5 msec. 
stimulus used is given in volts, The threshold for ‘single’ stimuli was between 2-0 and 2-5 V. 
Ten stimuli of 2-5 V. separated by 2 sec. intervals, excited three ‘responses’ after stimulation 
had stopped, while ten stimuli of 4 V. excited a series of responses continuing for approx. 
5 min. after stimulation had stopped. (The first part only of this series is shown.) 

more than 3 hr. after the operation was completed. But the disappearance of 

spontaneous activity was not accompanied by any change in the responses to 

electrical stimulation, which were identical with those found in the majority — 
of preparations showing no spontaneous activity from the outset. The temporary, 
spontaneous activity which occurred in the minority of preparations appears to 
be a consequence of waning injury-discharges due to the operation. Two facts 
support this view. First, the form of the spontaneous outbursts is indistinguish- 
able from the response to a single electrical stimulus, such as that illustrated 
in Fig. 4a. Secondly, the spontaneous activity does not involve the whole of 
the isolated area at once, but spreads across it with a velocity of some 15cm./sec. 
from a point of origin. For this reason, it was always easy to identify the 
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starting-point of the discharge; and occasionally, when the centre of these 
disturbances lay near the periphery of the isolated slab, spontaneous activity 
could be brought to a sudden end by applying diathermy to the point of origin. 

The transient post-operative activity which is found in some preparations 
seems to indicate that the excitability of unanaesthetized cortex is far higher 
than obtains in the chloralosed cat, where such activity is never seen. The _ 
extremely great excitability of unanaesthetized cortical cells can also be 
demonstrated by applying a small number of electrical stimuli to the cortical 
surface, separated by intervals of a few seconds, when a whole series of discrete 
responses will be initiated, which continue with declining frequency for several 
minutes after stimulation has stopped (Fig. 2). (It is for this reason that the 
responses described in the rest of this paper have never been tested more 
frequently than once a minute.) 

These results certainly indicate that the excitability of the isolated cells is 
high. But, although a few strong stimuli may elicit activity lasting a matter 
of minutes, and produce a number of discrete responses far exceeding the 
number of stimuli given, these responses invariably cease if time is allowed. 
There seems no doubt that the cells of the unanaesthetized and isolated cortex 
do not discharge spontaneously. 


The surface-negative response to an electrical stimulus 

The cells of the isolated, inactive area will discharge in response to a single, 
weak electrical stimulus. As with chloralosed preparations, the weakest 
stimulus that would elicit a detectable response produced a short lasting, local 
negativity beneath the electrodes (Adrian, 1936). The properties of this surface- 
negative response differed in no way from the properties of the same response 
in chloralosed cats (Burns, 1950). It spread outwards from the point of 
stimulation equally in all directions, at a velocity of about 2 m./sec., attenuating 
rapidly as it travelled, so that no response was recorded at distances greater 
than 1 em. from the centre. Increase in stimulus strength caused an increase of 
peak surface-negative response until a maximal value was reached, when 
further increase of stimulus strength caused no further increase of response 

Fig. 3). 

surface-positive response to an electrical stimulus 

Provided the strength of a single stimulus was great enough to produce 
a surface-negative response which exceeded 30-35%, maximal, the negative 
response was followed by a wave of surface positivity which developed beneath 
the stimulating electrodes and spread without attenuation to the edges of the 
isolated area. Again, most of the properties of the surface-positive wave were 
found to be the same as those in chloralosed cats. The magnitude of the positive 
wave showed an all or nothing relation to stimulus strength (Fig. 3), while its 
velocity of spread was 10-20 cm./sec. 
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Whereas in the chloralosed cortex the surface-positive response was a single 
spreading wave of short duration, apparently representing the almost syn- 
chronous discharge of many deep-lying cells, interconnected by synapses 


3,5 NU 
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Fig. 3. The relations between peak surface-negative response, surface-positive response and 

strength of a single 0-5 msec. stimulus. Surface negative response, @—@ ; surface positive 
response, x — x. 


b 


0-5 sec. 
Fig. 4. Responses to single stimuli from two different cats recorded with a single surface lead and 
direct-coupled amplifier. The stimulus was only just above threshold for the surface-positive 


response. (a), the beginning of a surface-positive response lasting approx. 3 sec.; (b), an 
unusually short-lasting surface-positive response recorded from another cat. 


(Burns, 1950, Fig. 96), in the unanaesthetized preparation the positive wave 
lasted 2-4 sec. and was accompanied by a complex after-discharge which 
continued so long as surface positivity remained (Fig: 4a). In unanaesthetized 
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preparations it proved impossible to produce a surface-positive wave without 
the repeating discharge. Consequently it could be said that the after-discharge 
also spread from the point of origin at 15 cm./sec. to involve the whole isolated 
area. The nature of the after-discharge appeared to be the same at all points 
of the cortex, however distant from the stimulated point; the general form of 


_ this response suggested that it was due to the repetitive but asynchronous 


discharge of many cells. Frequently, the discharges of these cells or group of 
cells synchronized for a short time so as to produce a short record of almost 


regular sinusoidal potential change (Fig. 5). The frequency of potential oscil- 


500 nV. 


0-1 sec. 


Fig. 5. Records of « part of the surface-positive response to # single stimulus. The lower trace 
shows a short period of sinusoidal potential change, of frequency 65/sec. 


lation recorded during these brief periods of synchronous discharge was 
surprisingly constant at all points on the surface of the isolated area and lay 
between 60 and 75/sec. for all the cats tested, while the average was 65/sec. 
This suggests that the cells responsible were themselves discharging within this 
frequency range, and that occasional synchronization between neighbouring 
groups of cells had made their basic frequency of discharge visible. The cell group 
within which periodic synchronization occurred could not have been very large, 
since separate records taken from surface leads 1 mm. apart were never similar. 
When records of the positive response were made with the amplifier direct- 
coupled between a single recording lead on the isolated area and an inert 
‘earth’ lead such as the tracheal tube, the surface-positive wave fell suddenly 
to its maximum value and the brain’s surface remained positive so long as the 
after-discharge continued (Fig. 4), except in regions close to. the stimulating 
electrodes, where there was a tendency for surface positivity and the discharge 
amplitude to build up gradually. The end of the surface positivity was invariably 

accompanied by an abrupt termination of the asynchronous discharge. 
PH. OXII. 11 
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In general, the degree of surface positivity recorded appeared to depend upon 
the amplitude of the discharge. The close correlation between the surface- 
positive wave and the amplitude of the asynchronous discharge became more 
evident when anaesthetics were used. As the dose of anaesthetic was increased, 
test stimuli produced a progressive decrease in surface positivity accompanied 
by a continuous reduction in the amplitude of the accompanying repetitive 
discharge (Fig. 6), until, with deep anaesthesia, both disappeared. 


Fig. 6. Records of cortical responses to a single stimulus during inhalation of ethyl-ether. (a), no 
anaesthetic; (b), during induction, corneal and pinnar reflexes present; (c) full surgical anaes- 
thesia, corneal and pinnar reflexes absent; (d), 10 min. after the animal was taken off ether. 
The records (a) and (d) show only the first part of the positive responses. 


Notes on the effects of anaesthetics 
The effects of some anaesthetics on the responses of isolated cerebral cortex 
_ to electrical stimuli have been studied as a by-product of the other experiments 
described. Consequently, this section deals with the results of experiments 
which were designed as a guide to further work, rather than as a thorough 
investigation. Generally, at the end of each day’s work, an anaesthetic was 
given to the decerebrate cat, while the responses of the cortical preparation to 
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tested in this way were ethyl-ether, chloroform, chloralose, pentothal and 


Fig. 7. Effects upon cortical responses to single stimuli of inhalation of nitrogen (a-c) and chloro- 
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surface stimulation were observed under fixed conditions. The anaesthetics 


nembutal, while the greatest quantities given were those estimated to produce 
full surgical anaesthesia in a normal cat of the same weight. The corneal and 
pinnar reflexes and the respiration rate were used as guides with the more 
rapidly excreted anaesthetics. 


; 
form (d-f) tested in the same cat. (a), control; (b) and (c), records during inhalation of 
nitrogen. The animal was then allowed to breath air for 5 min., after which control record (d) 


was obtained; (e) and (f), records during inhalation of chloroform. The pinnar reflex was 
present throughout (a)-(e), but disappeared at the time of record (f). ) 
All anaesthetics tested had the same effects, which 
follows: 
(a) No change of any sort was observed in the surface-negative response. 
(6) The threshold for the surface-positive response was raised so that a more 
nearly maximal surface-negative response was required to produce the pontive 
wave, 
(c) The velocity of saoesd of the surface positive wave and the basic croqumey 
of the repetitive discharge were not altered. _—_. 
(2) A very small dose of anaesthetic, insufficient for surgical anaesthesia, 
was adequate to reduce at the same time the magnitude of the surface — 


wave and the amplitude of the recorded asynchronous discharge. 
11—2 
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(e) Progressive increase of anaesthetic dose caused a steady diminution in 
the surface-positive response; both the positive wave and the amplitude of the 
accompanying discharge decreased together until both suddenly disappeared. 
The after-discharge, being the smaller of the two, when recorded from surface 
leads, usually became invisible first. 

(f) As the dose of anaesthetic was increased the positive response became 
steadily shorter, so that the normal response of 2—4 sec. was ultimately reduced 
to a duration of about 0-1 sec. in light surgical anaesthesia. 

(g) Full surgical anaesthesia made it impossible to obtain a positive — 
however strong the stimulus used. 

With the rapidly excreted anaesthetics these effects were "el to be 
reversible. Figs. 6 and 7 show the effects of ether and of chloroform upon the © 
responses to surface stimulation tested once every minute. There was a tendency, 
particularly with ethyl-ether, for very small quantities of anaesthetic to cause 
an outbreak of spontaneous activity in the form of surface-positive waves and 
_ discharges originating apparently from a number of places within the isolated 
slab; directly the dose was increased (or reduced) these spontaneous discharges 
stopped. 

A more detailed study of the action of anaesthetics upon such a preparation 
may show differences between different types of anaesthetic. But it is probably 
more important in the present state of knowledge to stress the fundamental 
uniformity of action of the few anaesthetics tested. In this connexion, it is of 
interest that all their actions could be imitated by anoxia. A decerebrate cat 
given nitrogen to breathe, or one in which the main arterial supplies were 
restricted by clamping, showed all the characteristic changes already observed 
with anaesthetics (Fig. 7). 


The nature of the positive wave 

The surface-positive response which renders the cortical surface electrically 
positive to surrounding and inactive tissue, presumably implies activity in 
a relatively deep-lying cell layer. Adrian (1936) has already suggested that 
responses of this polarity may be explained by assuming depolarization among 
cells lying deep to the cortical surface, towards which their dendrites extend. 
This interpretation is accepted for the purpose of the present experiments, 
which are more concerned with the tangential spread of responses to electrical 
stimulation. However, a few preliminary tests have shown that when a single 
sharp electrode (insulated to the tip) is used to record the positive response at 
a variety of depths beneath the surface, the recorded potential changes polarity 
at a depth of about 0-4 mm. 

It has already been pointed out that surface positivity and the repeated 
asynchronous discharge are closely correlated. Some support for the view that 
these responses are different manifestations of activity within only one group 
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of deep-lying cells came from experiments in which two stimuli were given to 
the cortical surface in succession. The stimuli were arranged so that the second 


A 


| 


0-5 sec. 


Fig. 8. cf cortical stimulation (with stimulus B) during the positive to an cariier 
stimulus (A). A-B interval =380 msec. Single stimuli exceeding 2-5 V. produced a surface- 
positive response. Stim. A =3 V. throughout. (a), stim. B=4 V.; (6), stim. B=5 V.; (c), stim, 
B=6V. 


b 
05 sec. 
Fig. 9. Records of cortical responses to a pair of stimuli A and B separated by an interval of 
540 msec. Stim. A =3 V. produced exceptionally short-lasting positive responses (same cat 


as in Fig. 45). (a), stim. B=4 V. falls during the positive response to stim. A ; (b), the positive 
response to stim. A fails to span the interval between the two stimuli. 


stimulus occurred during the after-discharge produced by the first. A second 
stimulus, which would just have been adequate to produce a positive response 
had it been given alone, producéd no effect whatever when it fell during the 
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after-discharge produced by the first stimulus. If the second stimulus was 
made stronger (say 3x threshold for the surface-positive response) its effect 
was to arrest temporarily both the after-discharge and the surface positivity 
produced by the first stimulus (Fig. 8). If, on the other hand, the prolonged 
response to the first stimulus failed to span the interval between the two stimuli, 
the second stimulus immaogiately seein a normal surface positive response 
9). 

yy ia experiments do not produce conclusive evidence in favour of the view 
that the surface-positive wave and the asynchronous repeating discharge which 
accompanies it, indicate the activity of only one cell group. Their results are, 


however, extremely difficult to interpret on-the alternative assumption of two 


groups of cells—one responsible for surface positivity and the other for the 
repeating discharge. It would then be difficult to see why one stimulus should 
excite the first cell group, while a second stimulus, given during the response, 
should be equally effective in ‘switching off’ the surface positivity. 


The nature of the repetitive discharge 

The asynchronous repetitive after-discharge which occurs at a constant 
frequency lying between 60 and 75/sec. could be simply explained in one of tv" 
‘ways. Either each cell responds to a single stimulus by repetitive activity 
‘unrelated to the arrival of further stimuli, in somewhat the same way as do 
the muscle fibres of an eserinized nerve-muscle preparation excited by a single 
nerve volley (Brown, Dale & Feldberg, 1936), or repetitive activity could be 
due to the operation of self-exciting chains of neurones of the type postulated 
by Forbes, Davis & Lambert (1930) and by Lorente de Né (1933), in which 
activity is supposed to find its way into circuits composed of nerve cells and 
their dendrites. Two facts can be set against the former view. The discharge 
frequency falls very little as the after-discharge draws towards its abrupt end 
and the discharge never becomes synchronous over large areas, although 
one would expect that large numbers of cells firing repeatedly as a result of 
a single stimulus would rapidly fall into step with one another and discharge 
synchronously. 

On the other hand, all the requirements for self-maintained circuits of 
excitation are there; the surface-positive wave is almost certainly dependent 
upon synaptic transmission, for this response can be initiated at any point and 
will travel without attenuation from its origin, in all directions, to the limits 
of the isolated area. These results indicate the existence of a layer of cells lying 
parallel to the brain’s surface and interconnected in every direction by dendrites 
and synapses. 

In such a network of conducting elements, the establishment of self-re- 
exciting circuits of neurones is obviously possible, provided that the refractory 
period of the excitable structures is less than the time taken for excitation to 
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traverse the circumference of the available neurone circuits. A very simple 
geometrical form of neurone network which would have some of the required 
properties is shown in Fig. 10. (Obviously, the hypothetical network chosen 
for illustration is only one of many possible similar arrangements. There is no 
reason to suppose, for instance, that the true cortical network has all its 
circuits lying in one plane; the figure is given only to illustrate a functional type 
of structure.) 

The existence of such an arrangement of nerve cells would fortunately imply 
certain characteristics of physiological response which can be tested. The 
system visualized is closely analogous to the micro-anatomical structure of 
cardiac muscle, and the analogy can be pushed further by regarding the 


repetitive discharge during the positive response as similar in many ways to 


| Fig. 10. One simple form of neurone-network which would have some of the properties described 


in the text. Neurone rings around which excitation can travel repeatedly have been shaded. 


auricular or ventricular fibrillation. Now fibrillation of cardiac muscle can be 
stopped locally, for a short time, by a strong electrical stimulus: a strong 
stimulus, provided in such a way that it excites all of the ventricular muscle 
synchronously, will halt fibrillation permanently (Beck, Pritchard & Feil, 1947). 


It has already been stated that, when two stimuli were given to the cortical 


surface in succession and the second was so timed as to fall during the repetitive 
response caused by the first, the second stimulus had no effect or brought the 
surface-positive response to an end. A weak second stimulus frequently only 
stopped the response locally, within 2-3 mm. of the stimulating electrodes; 
a stronger second stimulus temporarily ended the response to the first stimulus 
over a much wider area (Fig. 8c). After the pause in positive response produced 
by an adequate second stimulus, the response would then grow again to its 
original size. Only when the second stimulus fell towards the end of the response 
due to the first stimulus (usually a stimulus interval of 2 or 3 sec.) did the 
second stimulus stop the response permanently. 
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These results are simply explained by assuming that the first stimulus 
excites synchronously—through the surface-negative response—a number of 
cells in the network responsible for the surface-positive response. These primarily 
excited cells transmit excitation to their neighbours and a wave front of ex- 
citation spreads throughout the network across the cortex; those cells behind 
the wave front remain periodically active as a consequence of excitation 
traversing repeatedly the neurone circuits in which they lie. A second stimulus 
given through the same electrodes again excites synchronously all the ‘surface- 
positive’ cells in the region of the electrodes. Transmission around the neurone 
rings in this region must become impossible, since all the cells in each ring are 
made refractory and consequently the original after-discharge is locally halted. 
After-discharge in the region of the stimulating electrodes can only build up 
again as it spreads inward from discharging areas which were beyond the reach 
of the second stimulus. 

Arguing upon these lines it can be predicted that, if a stimulus were given to 
a slab of cortex so small as to allow synchronous excitation of all the cells of 
the network, then a short-lasting surface-positive wave should result, but no 
repetitive firing of these cells would be possible since the whole of every neurone 
circuit within the isolated area would be synchronously excited and, as a result, 
synchronously refractory. A weak stimulus to such a restricted cortical area 
ought to produce the usual prolonged after-discharge, while a stronger stimulus, 
by exciting all the cells simultaneously, should prevent the after-discharge. 

For this reason, the usual sized slab of isolated cortex (approx. 20 x 5 mm. 
surface area) was prepared and the relation between surface-positive response 
and stimulus strength tested, with the recording lead 4 mm. from the stimulated 
point. As usual, it was found that all stimulus strengths causing a surface- 
negative response which exceeded one-third of the maximal value produced 
_ a subsequent, prolonged surface-positive response. Thus, stimuli between 0 and 
24 V. were ineffective in producing a surface-positive response, while all 
stimuli between 24 and 10 V. produced both surface-positive wave and the 
accompanying after-discharge. The size of the slab of isolated cortex was then 
reduced so that the part of the original slab containing the electrodes was 
restricted to a surface area of 8 x 5mm. Subsequent tests with various stimulus 
strengths now gave the following results: 

(a) 0-24 V.: surface-negative response only. 

(6) 24-4 V.: prolonged surface-positive wave with accompanying asyn- 
chronous discharge. 

(c) 4-10 V.: short-lasting surface-positive wave (approx. 0-1 sec.) with no 
accompanying repetitive discharge. 

If the interpretation of the experiment just described is correct, it should 
also be possible to show that a strong stimulus given near the edge of the small 
slab of isolated cortex is less liable to block the repetitive discharge than is the 
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Weak 
stimulus 


a» Repeating discharge 
Fig. 11. Diagram illustrating the hypothesis used to explain the responses of a small cortical slab 
to stimulation of its surface. The rectangles of columns A, B and C are supposed to represent 
the radial cross-section of a small cortical slab. (A) shows its responses to a weak central 
stimulus; (B) responses to a strong central stimulus; (C) responses to a strong stimulus given 
off-centre. The rows 1, 2 and 3 illustrate the passage of time. 
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Distance of stimulating electrodes from end of 85 mm. slab...mm. 


Fig. 12. Responses of a small slab of cerebral cortex (surface = =8-5 x5 mm.) to single electrical 
stimuli, provided at varying distances from one end of the slab. Prolonged surface-positive 
response with repetitive discharge, @. Short surface-positive response with no repeating 
discharge, —. The numerical entries give the approximate latency in msec. of the repetitive 
discharge recorded from one end of the slab. | 


| 

| 


170 . B. DELISLE BURNS 


same stimulus given in the centre of the slab. The interpretation implies that 
the repetitive discharge originates among those cells in the network which are 
not primarily and synchronously excited by the surface-negative response. 
Since the surface-negative response spreads from the stimulated point equally 
in all directions (Adrian, 1936; Burns, 1950), and it is the surface-negative 
response which is the direct cause of excitation in the cell layer providing the 
surface-positive response, the more central the stimulated point, the more 
likely is it that all the cells in the deep network will be synchronously excited 
and an after-discharge prevented. The diagram of Fig. 11 is intended to make 
this point clearer. In some experiments with a small slab of cortex of surface 
area 8 x 5 mm., stimuli of varying strength were tested for a number of positions 
of the stimulating electrodes and the presence or absence of repetitive firing 
was recorded with an amplifier lead placed at one end of the isolated slab. 
Fig. 12 gives the results of such an experiment. | 

In these experiments it should follow that, when a strong stimulus is given 
off-centre in the direction of the amplifier-recording lead, the repetitive firing 
which results from the stronger stimuli should originate in the opposite end of 
the slab from the recording electrode. Consequently, with this arrangement of 
conditions, the latency of the after-discharge at the recording point should be 
very great, since the discharge must cross the whole width of the slab before 
it arrives. It is difficult to measure the latency of the asynchronous discharge 
with great precision, since close to the stimulated point it builds up slowly; the 
latency of arrival of the first spike of a fixed and easily measurable size was 
therefore measured. The numerical entries in Fig. 12 give the latencies in m.sec. 
of the after-discharge defined in this somewhat arbitrary way. They were not 
easy to measure with great accuracy, but.it is clear that directly the stimulating 
electrode was taken across the mid-line of the slab, toward the recording 
electrode, the latency of arrival at the recording point of after-discharges 
caused by strong stimuli, suddenly increased. 

These results show that a certain minimum area of the cell network which 
causes the positive response must remain outside the range of excitation by 
the surface-negative response before a prolonged after-discharge can arise. 


Estimation of mean circumference of neurone circuit 

The results of the experiments described above are almost impossible to 
interpret on the assumption that each cell responsible for the surface-positive 
response responds to excitation by a train of discharges, independent of the 
arrival of further stimuli. They are easily interpreted on the assumption that 
repetitive activity is maintained by the establishment of self-exciting neurone 
chains; further, it has been possible to verify experimentally a number of 
predictions based upon this assumption, and it therefore seems justified to take 


the existence of such self-exciting neurone circuits as established. In order to 
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estimate the average circumference of these circuits with any confidence, one 
requires more information than is at present available. But by making use of 
a few assumptions the data already presented can be used for a rough estimate 
of this quantity. The average frequency of repetitive discharge of the cells 
which produce the surface-positive response appears to be about 65/sec., so 
that z;/sec. probably represents the average time for excitation to travel once 
around the fundamental neurone circuit. Assuming that the velocity of trans- 
mission around this ring of neurones is of the same order as the velocity with 
which the surface-positive wave front spreads across the cortex, say, 15 cm./sec., 
then the circumference of the circuit must be of the order of }$ cm., or about 
2mm. 
DISCUSSION 

Absence of spontaneous activity in the isolated and unanaesthetized cerebral 
cortex has made it an ideal preparation for study of the responses of cortical 
cells to electrical stimuli. The magnitude of the various responses can be 
measured with a precision which would have been quite impossible were these 
responses recorded upon a background of spontaneous activity. In addition, 
such an activity would have maintained the cortical neurones in a continually 
varying state of refractoriness. On the other hand, the methods of stimulation 
used, the method of recording and the preparation itself, all have obvious 
limitations which make it difficult to use the data they have provided for 
building a picture of normal activity in the intact cerebral cortex. Stimulation 
through surface electrodes almost certainly excites at the same time many 
structures which normally are not simultaneously active: further, we have 
little indication of the relation between this form of artificial stimulus and the 
physiological stimuli arriving through nerves afferent to the intact cortex. The 
method of recording has the advantage that it avoids trauma of the cortical 
surface, but the disadvantage that it will only register the discharge of large 
groups of synchronously active cells. These points have been discussed at 
greater length in an earlier paper (Burns, 1950). Lastly, any discussion of the 
results described should be preceded by the reminder that they are results 
obtained with only one small cortical area in the parietal region. 

There are some facts, however, which imply that the results of experiments 
with isolated cortical preparations may ultimately have more general applica- 
tion than would be justified on the internal evidence of the experiments I have 
described. Adrian (1936) describes the surface-negative response and a surface- 
positive wave resulting from surface stimulation of the intact cortex of anaes- 
thetized animals; he found no characteristic differences in behaviour in different 
parts of the cortex. Something very similar to the surface-negative response was 
described by Bartley & Bishop (1933 a) when they stimulated the optic nerve; and 
their records, like those of Derbyshire, Rempel, Forbes & Lambert (1936), also 
show travelling surface-positive cortical waves caused by sensory stimulation. 
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The responses to electrical stirnulation of the surface of unanaesthetized 
cortex are in many ways the same as those already described for similar 
preparations under chloralose anaesthesia. The surface-negative response 
described in the anaesthetized preparation appears to be identical when the 
anaesthetic is absent and there is nothing to add to the original analysis of this 
response (Burns, 1950). The surface-positive response spreads indefinitely 
across the cortex at the same velocity as it does in the lightly anaesthetized 
animal, and the relation of its magnitude to stimulus strength, as in the anaes- 
thetized preparation, is all-or-nothing. But in other ways the appearance of 
this response in the unanaesthetized cortex is quite different. It consists in 
a prolonged asynchronous discharge, accompanied by a rectangular wave of 
surface positivity, the whole response lasting 2—4 sec. This response has already 
been discussed in the sections describing experiments, in order that the purpose 
of these experiments should be explained. It may be useful, however, to sum- 
marize in one place the conclusions reached. The picture thus presented may be 
@ gross over-simplification of the true state of affairs but has the merit that it 
accounts for most of the available facts. 

It may be supposed that a single, weak stimulus excites some of a system of 
nerve processes which pass in all directions beneath the stimulated point and 
stretch about 10 mm. across the cortical surface (Burns, 1950). The excitation 
of these conducting elements gives rise to the surface-negative response lasting 
20-30 msec. Provided more than one-third of the elements lying within reach 
of the stimulating current are exeited, activity is caused in a deeper lying layer 
of cells giving rise to the surface-positive response. These deep cells form an 
‘infinite’ network beneath, and parallel to, the cortical surface in which each 
cell is connected to its neighbours by dendrites and synapses in such a way that 
excitation can spread from any point, in any direction, with attenuation, 
throughout the whole network. The functional unit from which this network is 
constructed appears to be a ‘ring’ of neurones interconnected by dendrites; the 
circumference of this unit neurone ring is probably of the order of 2 mm. The 
conductors responsible for the surface-negative response excite, presumably 
through one or more synapses, those cells of the deep network which lie beneath 
them, causing all of these cells to discharge synchronously. Cells on the 
periphery of this primarily excited patch hand excitation to their neighbours 
which were beyond the reach of the primary stimulus. In this way excitation 
is passed from cell to cell and a wave-front of almost synchronous cellular 
activity spreads indefinitely from the periphery of the primarily excited area 
at about 15 cm./sec. Behind this wave-front the cells of the deep network 
continue to discharge at some 65/sec. as excitation continues to circle the unit 
neurone rings. At the same time, repetitive firing spreads back into the 
primarily excited area whose unit rings were at first blocked by synchronous 
excitation and refractoriness of their component neurones. So long as excitation 
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continues to traverse the circuits of this network, the cortical surface remains 
positive to inactive tissue; after 2-4 sec., however, the process of self-re- 
excitation fails and the response comes to an abrupt end. The cause of the end 
of the discharge is not clear. Assuming that most of the time taken for excita- 
tion to complete the unit neurone circuit is occupied in passage along dendrites, 
and that the latent periods of excitation of the component cells contribute little 
to the circuit time, then the simplest explanation would be that the cells 
fatigue progressively and their refractory period grows until it exceeds the 
circuit time, when self-re-excitation must fail. The experiments only show that 
_ the circuit time falls very little toward the sudden end of the repetitive discharge. 

The effects of anaesthetics on this system have not been studied in any detail. 
The experiments suggest, however, that the effects of all anaesthetics on the 
cells of the cerebral cortex may be identical and provide some indication of the 
site of action. Fundamentally, anaesthetics seem to reduce the excitability 
and probably increase the refractory period of cells in the deep network re- 
sponsible for the surface-positive response. Slowly increasing anaesthesia 
- teduces the duration of the positive response progressively, without altering 
the frequency of repetitive discharge, until ultimately the response suddenly 
fails to spread however strong the stimulus may be. The results of these few 
experiments with anaesthetics leave no room for the view that the cerebral 
cortex can be regarded as normal in conditions of light anaesthesia (Bartley & 
Bishop, 19336; Adrian & Matthews, 1934) for a degree of anaesthesia which 
would leave a normal animal quite unmanageable is sufficient to halve the 
duration of the surface-positive response. The surface-negative response is 
completely unaffected by anaesthetic. Adrian showed (1936) that cells within 
the deeper cortical layers were extremely sensitive to lack of oxygen, while the 
superficial structures remained normal. It is of interest, in this connexion, that _ 
the effects of anaesthesia can be imitated by reduction of oxygen supply, and 
this suggests that the mechanism of all anaesthetics in the cortex is interference 
with oxidative metabolism—a suggestion that has been made by other writers 
(see Quastel, 1939). 

Although an analogy has been drawn between the repetitive action of cells 
giving the surface-positive response and the behaviour of cardiac muscle, the 
unstimulated neurones of the cerebral cortex showed no power of spontaneous 
discharge. These results are not in agreement with those of Kristiansen & 
Courtois (1949), who also examined the electrical activity of small pieces of 
neurologically isolated cortex in the cat. They found that isolation did not 
prevent activity within the isolated slab, but merely altered the form of activity 
seen in an intact hemisphere. Unfortunately, it is difficult to explain the 
difference between our results without a more detailed knowledge of their 
technique. The records they show (their fig. 7D) of spontaneous discharges 
within the isolated area are identical with some of those obtained in the present 
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series of experiments; such discharges occurred in a minority of preparations 
shortly after operation, while similar activity could be produced in all the 
present preparations, following a few strong stimuli. Thus, the excitability of 
the system was easily raised to that point at which spontaneous activity oc- 
curred since four or five stimuli, separated by intervals of a few seconds, could 


start a whole series of discrete surface-positive responses which continued for. 


a period of a minute or more after stimulation had stopped. But all of these 
discharges originated from the stimulated point and, provided sufficient time 
was allowed, they invariably stopped. 

The hypothesis that some neurones in the cerebral cortex have the power of 
spontaneous activity has usually been invoked to explain the continual rhythmic 
potential waves observed in the intact brain, certainly indicating a rhythmic 
activity of cortical cells. Experiments with single stimuli are unlikely to give 
much information about the origin of normal cortical rhythms; possibly later 
experiments with repeated stimulation of the cortical surface will provide the 
data required. The experiments reported here do suggest, however, that rhyth- 
mic cortical discharges can only be maintained if driven from a source outside 
the cortex. If it is true that conduction of a response from any point on the 
cortical surface to all other points is possible, and that ten stimuli can evoke 
many more than ten responses, then clearly very little afferent stimulation of 
the cortex will provide widespread and complex activity. | 


SUMMARY 


1. A slab of neurologically isolated cerebral cortex has been prepared in 
decerebrate cats in such a way that its blood supply was the only remaining 
connexion with the rest of the animal. The slab was cut from the suprasylvian 
gyrus so as to exclude sulci; its depth was 7 mm. and its surface some 20 x 6 mm. 

2. Cells within the isolated area did not discharge until they were excited 
by an electrical stimulus. 

3. The excitability of unanaesthetized and isolated cortex was such that 
several electrical stimuli, separated by intervals of a few seconds, eould start 
a series of discrete responses which continued to spread from the stimulated 
_ point for many minutes after stimulation had stopped. 

4. A single electrical stimulus gave rise to only two types of response— 
a local, short-lasting surface-negative response, and a prolonged surface- 
positive response which spread without attenuation to the borders of the isolated 
area. 


5. The properties of the surface-negative response were the same as those 
already described for cats under light chloralose anaesthesia. _ 

6. The positive response consisted in an almost rectangular wave of surface 
positivity lasting 2-4 sec. The wave front spread from the stimulated point 


at 10-20 cm./sec. and the magnitude of this response bore an all-or-nothing 
relation to stimulus strength. 
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7. Surface positivity was accompanied for the whole of its ducition by 
random potential fluctuations about the mean positive value. 

8. Evidence is provided for the view that the surface-positive response is 
transmitted in a single, deep-lying layer of cells interconnected in all directions 
by dendrites and synapses. When excitation of this layer occurs, the constituent 
cells =" by @ prolonged asynchronous discharge at a frequency of 
60-75/sec. 

9. Experiments are described designed to analyse the mechanism of the 
prolonged repeated discharge of cells responsible for the surface-positive 
response. It is concluded that their repetitive response is the consequence of 
. self-re-excitation in closed chains of neurones. The average circumference of 
the neurone ring around which excitation circles, is estimated as about 2 mm. 

10. The effects upon these cortical responses of some anaesthetics were 
tested (ethyl-ether, chloroform, chloralose, pentothal and ng se all had 


11. The effects of anaesthetics were identical with those of ic ok In 
both cases these effects were reversible. 
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anaesthesia abolished the surface-positive response, while very light surgical ; 
anaesthesia reduced both the magnitude and the duration of this response. 
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THE ACTION OF DECAMETHONIUM ON NORMAL 
AND DENERVATED MAMMALIAN MUSCLE 


By ELEANOR J. ZAIMIS* 
From the Department of Pharmacology, School of Pharmacy, London 
(Received 4 March 1950) | 


The nature of the mechanism of neuromuscular block produced by decame- 
thonium has occupied a central place in the pharmacological investigation of 
the polymethylene bistrimethylammonium series (Paton & Zaimis, 1949c). 

From early experiments it was found that. decamethonium has a stimulant 
action on skeletal muscle; it produces contraction of the frog’s rectus abdominis ; 
its blocking action in normal mammalian muscle is preceded by a brief potentia- 
tion; and it can evoke a twitch-like response when suddenly injected close- 
arterially. In addition, it was realized that although there are a number of 
similarities between D-tubocurarine and decamethonium connected with their 
activity on skeletal muscle, there are a far greater number of important 
differences. Both substances are very potent in producing neuromuscular 
block, but decamethonium shows a great’ variation with species. A muscle 
under the influence of p-tubocurarine fails to sustain a tetanus evoked by 
nerve stimulation; the tetanus, however, is well sustained during a block with 
decamethonium. Moreover, while the neuromuscular block produced by p- 
tubocurarine is antagonized by anti-cholinesterases, the decamethonium block 
is not. 

The investigation with which this paper deals started with the observation 
that doses of decamethonium below the blocking level, injected by the distant 
arterial route, produce potentiation of the indirectly excited maximal twitch. 
It appeared possible, therefore, that the stimulant action of decamethonium 
on skeletal muscle could provide a line of approach to the problem of its mode 
of action; and, indeed, evidence suggesting that decamethonium acts at the 
neuromuscular junction essentially like acetylcholine is presented in this paper. 
A pay account of these experiments has already appeared (Zaimis, 1949) 


*With a Medical Research Council Grant. 
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METHODS 


Cats anaesthetized with chloralose only (80 mg./kg.), injected into the saphenous vein, were used 
in all experiments. The tibialis anterior muscle was used for recording. A few experiments were 
carried out for comparison on the soleus. 

The preparation was mounted on the Brown-Schuster myograph stand, and an isometric steel 
spring was used for recording on the smoked drum. For indirect stimulation, the sciatic nerve was 
excited by twice-maximal shocks, of 0-2 msec. duration through shielded silver electrodes. The 
nerve was tied centrally, above the point of stimulation and above the point of entry of its blood 
supply. The medial branch of the sciatic was cut in the experiments when the tibialis anterior was 
used. 

_ For experiments on denervated mammalian muscle, the sciatic nerve on one side, was divided 
high in the thigh under ether anaesthesia, and with aseptic precautions. Degeneration was allowed 
to proceed for between 7 and 10 days. After sufficient time had elapsed, the cats were anaesthetized 
with chloralose and the tibialis anterior or both tibialis anterior and the soleus on the operated side 
were then prepared. The direct stimuli, of maximal strength and 0-5 msec. duration, were applied 
between the tendon of the muscle and the drill in the femur. Electrical contact with the tendon was 
through silver wire attached to a saline-soaked pad of cotton-wool. In order to ensure that 
current supplied for direct stimulation was not short-circuited through the other tissues, the 
muscles were insulated by enclosing their bellies in a rubber finger-stall smeared with liquid paraffin. 
Electrical records were taken with concentric needle electrodes, amplifier and oscillograph, together 
with a simultaneous isometric record of the contraction of the muscle. Injections were made intra- 
arterially either by the distant route or by the method of close arterial injection into the anterior 
tibial artery (Brown, 1938). For the distant arterial injection the external iliac of the non-operated 
ligatured below the origin of the external iliac arteries. Under, such conditions the dose injected 
Solutions were made in normal saline. The volume of each injec- 
1-1-1-5 c.c. for distant arterial 
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RESULTS 
Action of decamethonium on the normal muscle 


Indirectly excited muscle. A first distant arterial injection of 10-15 yg. of 
decamethonium iodide injected during a regular series of single maximal nerve 
volleys, 10 sec. apart, is followed by an immediate increase in the twitch tension 
lasting for about 60 sec. Sometimes between the twitches fine fasciculations 
of the muscle can be seen. The usual increase is of 20-30% (Fig. 2, arrow 1), 
but there are variations. In a small percer*age of cats, the potentiation of the 
twitch can be either very small (Fig. 1C) or very big (Fig. 1A). The small 
potentiation has been usually observed in very old animals. A second stimulant 
dose of decamethonium causes usually a greater increase of twitch tension, and 
in some preparations a very dramatic potentiation can occur followed by strong 
twitching (Fig. 1A) or even a tetanic spasm (Fig. 1B). Fig. 1C is the record of 
an experiment in which the nerve stimulation was stopped but the tetanic 
tension continued to increase. The potentiation of the single maximal volley 
is due to repetitive firing by the muscle fibre (Paton & Zaimis, 1949c). 
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Effect of eserine and prostigmin. As the dose-response curve of decamethonium 
is very steep, after two to three stimulant doses neuromuscular block usually 


starts. Dale & Gaddum (1930), Feldberg & Vartiainen (1934), Kahlson & — 


Uvnas (1935) and Brown & Harvey (1941) have shown that eserine causes some 
rise of the cellular excitability by an apparently non-specific action, and that 
the degree of this unspecific effect can usually be determined by assessing the 


Fig. 1. A, cat, 2:2 kg. Twitches of tibialis excited by supra- 
maximal shocks to the sciatic nerve every 10 sec. 
Distant arterial injection at arrow 1, 10 yg. and 15 min. 
later at arrow 2, 15 ug. of decamethonium iodide. B, cat, 
4 kg. Twice-maximal motor twitches of tibialis every 
10 sec. At arrow 1 and 35 min. later, at arrow 2, distant 
arterial injection of 15 yg. of decamethonium iodide. 
C, cat, 1-8 kg. Twice-maximal twitches of tibialis every 
10 sec. At arrow 1 and 10 min. later, at arrow 2, distant 
arterial injection of 10 yg. of decamethonium iodide. 
At arrow (off) the nerve stimulation was stopped and 
was started again at arrow (on). 


degree of eserine potentiation of the actions of stable choline esters, quaternary 
ammonium bases and of K*. Thus using very small doses of eserine, which alone 
are ineffective, the stimulant action of decamethonium was potentiated. 
Fig. 2 shows clearly this effect of eserine. A stimulant dose of 10 pg. of decame- 
thonium was followed by a dose of 15 ug. which produced a 50% block. After 
a dose of 30 yg. of eserine, too small to produce any effect by itself, the same 
dose of decamethonium 3 min. later caused a big potentiation followed by an 
extremely small block. The same dose of decamethonium 1} hr. later caused a 
very strong potentiation of the twitch with strong fasciculations of the muscle 
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fibres. This result is all the more striking in view of the fact that a dose of 
decamethonium which causes a given degree of block produces a still more 
pronounced block when the same dose is repeated 1 or 2 hr. later. 

The same potentiation of the stimulant action of decamethonium also occurs 
after small doses of prostigmin (Figs. 7, 9). But there is a difference. Riker 


Fig. 2. Cat, 3-2 kg. Twitches of tibialis excited by supra-maximal shocks to the sciatic né?ve 
every 10 sec. Distant arterial injection at arrow 1, 10 ug. and 20 min. later, at arrow 2, 15 yg. 
of decamethonium iodide. At arrow 3, 30 yg. ao cea At arrow 4, and 1 hr. and 
15 min, later at arrow 5, 15 yg. of decamethonium iodide 


’ & Wescoe (1946) first pointed out that prostigmin in addition to its anticho- 
linesterase activity exerts a direct effect on skeletal muscle. Other workers 
(Miquel, 1946; Bacq, 1947) have confirmed their findings and the results of 
the present experiments point to the same conclusion. In an apparently 
sensitive cat 15 yg. of prostigmin (Fig. 3), following two stimulant doses of 
decamethonium, changed the muscular contraction from a single twitch into 


a brief tetanus. Twelve minutes later, when the effects of prostigmin had 
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passed off, the same dose of decamethonium, which previously caused the 
usual potentiation, again sent the muscle into tetanic spasm. This experiment 
undoubtedly shows a mutual potentiation of the two compounds; in all the 


Fig. 3. Cat, 3-2 kg. Tibialis; twice-maximal shocks to sciatic nerve, every 10 sec. At arrow 1, and 
2 hr. later at arrow 2, distant arterial injection of 10 yg. of decamethonium iodide. Twenty 
min. later, at arrow 3, injection of 15 yg. of prostigmin. At arrow 4, 12 min. later, 10 yg. of 
decamethonium iodide. 


experiments such a dose of prostigmin produced a potentiation of the twitch 
only if it was preceded by a dose or several doses of decamethonium. The 
experiments illustrated by Fig. 4 clearly indicate that decamethonium poten- 
tiates the effect of prostigmin, converting a small effect into a greater one 
(Fig. 4a) and transforming a maximal stimulant action into a blocking action 
(Fig. 4). 
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Two further points in relation to the double action of prostigmin on the 
neuromuscular junction are the relative abruptness and the comparatively 
short duration of its action. It is very difficult to conceive how such a poten- 
tiation of the twitch, if produced only by the suppression of cholinesterases, 
can last for no more than 5-10 min. With eserine and D.F.P: there is always a 
latent period and the action lasts for at least 40 min: Strong evidence suggesting 
that prostigmin has a direct action on the neuromuscular junction was 
obtained from the denervated avian. muscle. The evidence for this will be 
presented in another paper. 


| 


Fig. 4. Cat, 46° kg. Tibialis; twice-maximal shocks to sciatic nerve, every 10 sec. a, at arrow 1, 
distant arterial injection of 20 yg. of prostigmin (following three doses of decamethonium). 
At arrow 2, 10 yg. of decamethonium iodide. 6, at arrow 1, 25 xg. of prostigmin. At arrow 2, 
15 yg. of decamethonium iodide. 


Spontaneous fasciculations. In a fresh muscle stimulant doses of decame- 
thonium produce spontaneous fasciculations. Fig. 5 shows the characteristics of 
these irregular, but sometimes powerful, contractions. A first dose of 10 yg. of 
decamethonium iodide produces rather weak fasciculations, lasting for about 
60 sec. (as long as the potentiating action of the single nerve volley lasts). A second 
dose after 10 min. produces stronger fasciculationsand prostigmin again, although 
ineffective by itsélf in such doses, potentiates the action of decamethonium. 

All the above results may have two interpretations, either that decame- 
thonium is an active compound having an acetylcholine-like action at the 
neuromuscular junction, or that its action is indirect through an anticholin- 
esterase activity. And indeed decamethonium is known to have a weak anti- 
esterase activity (Paton & Zaimis, 1949c). In spite of decamethonium being 
about 1000 times less potent on true cholinesterase than eserine, one must not 
underestimate the resemblance of some of the tracings to those resulting from 
injections of potent anticholinesterases. The resemblance, however, is superficial, 
and the following facts support this view. 
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Fig. 5. Cat, 43 kg. Record of contraction of tibialis, not stimulated electrically. a, at arrow |, 
and, 10 min. later at arrow 2, 10 yg. of decamethonium iodide. 5, at arrow 1, 10 ug. of pro- 
stigmin. At arrow 2 (90 sec. later), 15 ug. of decamethonium iodide. ¢, at arrow 1, 15 yg. of 
prostigmin. At arrow 2 (90 sec. later), 15 ug. of decamethonium iodide. All injections into 
external iliac artery. Time = 10 sec. 


Fig. 6. Frog’s rectus; 5 c.c. bath. A, contractions elicited by 1, 2 and 3 yg. of 

B, contractions elicited by 10, 20 and 30 yg. of decamethonium iodide. Between B and C the 
muscle was left for 30 min. in contact with 5 x 10-* solution of TEPP. C, contractions elicited 
by 0-1, 0-2 and 03 yg. of acetylcholine. D, contractions elicited by 10, 20 and 30 yg. of 
decamethonium iodide. During C and D Ringer contained 10-* TEPP. 
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frog’s rectus cannot depend on its anti-esterase activity. 
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Frog muscle; rectus abdominis. On the normal unsensitized frog rectus 
preparation, decamethonium produces a contraction similar to that produced 
by acetylcholine except that the rate of development of the contracture is 
slower and the latent period is longer. Also, after decamethonium has been 
washed out a longer time is required to obtain proper muscle relaxation (Paton 


& Zaimis, 19490). 


Fig. 7. Cat, 3-8 kg. Twice-maximal motor nerve twitches of tibialis, every 10 sec. a, at arrows 1, 
2, and 10 min. later at 3, 10 yg. of dodecamethonium iodide. At arrow 4, 15 yg. of prostigmin 
followed at arrow 5, by 10 yg. of dodecamethonium iodide. 5, at arrows 1, 2, and 10 min. 
later at 3, 10 yg. of decamethonium iodide. At arrow 4, 15 yg. of prostigmin followed at 
arrow 5, by 10 ug. of decamethonium iodide. All injections into external iliac artery. 


Fig. 8. Cat, 1-9 kg. Tibialis; twice-maximal shocks to sciatic nerve at 10 sec. intervals. At arrow 1, 
10 yg. of decamethonium iodide into the external iliac artery. At arrow 2, 0-5 mg. of tetra- 
methylammonium iodide. 


Hobbiger (1949) has shown that if a frog’s rectus abdominis is left in contact 
with 5x 10-* tetraethylpyrophosphate (TEPP) for 30 min. all the enzyme 


_ present in the muscle is completely inactivated. Anticholinesterases have no 


effect in such a preparation. In a similar experiment it was found that after 
TEPP the muscle response to decamethonium was equal to, or greater than, 
the response of untreated muscle (Fig. 6). In every case the effect of a dose of 
acetylcholine was greatly increased whereas that of decamethonium only slightly 
increased, apparently through an increase of the muscle excitability by TEPP. 
An interesting point is that after TEPP the contraction elicited by small doses 


_ of decamethonium is always increased more than the contractions elicited by 


higher doses. These results clearly show that the effect of decamethonium on 
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Comparison with other members of the polymethylene bistrimethylammonium 
series, Dodecamethonium iodide, a higher member of this series, is known to be 
ten times more potent than decamethonium in its action against true cholin- 
esterase and three times less potent in producing neuromuscular block (Paton & 
Zaimis, 1949c). This compound was carefully compared with decamethonium. 
Fig. 7 shows the result of one experiment. Dodecamethonium iodide always 
causes a smaller potentiation than decamethonium, the ratio being more or 
less parallel with the blocking effect and not with the anti-esterase activity. 


i 
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Fig. 9. Cat, 3-6 kg. Very 10 Sec. a, at arrow 1, 
injection of 0-5 mg. of tetrameth onium iodide (TMAI). At arrow 2, 15 yg. of prostigmin 
followed at arrow 3, by 0-5 mg, of TMAI. }, at arrow 1, 15 yg. of decamethonium iodide. 
At arrow 2, 15 yg. of prostigmin, followed at arrow 3, by 15 pg. of decamethonium iodide. 
All injections into the external iliae artery. 


Comparison with tetramethylammonium iodide (TMAI). TMAI, an onium 
salt possessing nicotine-like properties, is known to produce a contracture of 
the denervated voluntary muscle and a neuromuscular block of the normal 
muscle. Fig. 8 shows that TMAI, like decamethonium, if suddenly injected 
intra-arterially, also increases the twitch tension of the indirectly excited 
muscle. Prostigmin, again in a dose too small to produce any effect by itself, 
potentiates the stimulant action of TMAI and decamethonium (Fig. 9). The 
significant point is that TMAI was found to be free of any anticholinesterase 
activity (Barlow & Ing, 1948; Paton, 1949). 
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” The strongest evidence that the potentiation of the twitch and the spontaneous 


fasciculations are not at all due to the weak anti-esterase activity but to the 
active acetylcholine-like action of decamethonium was obtained from the 
denervated mammalian muscle. 


i Isometric myogram of tibialis and action tials recorded simultaneoulsy, 10 days 

mention, 0-2 yg. of acetylcholine, (6) 0-2 c.c. 
saline, (c) 0-2 yg. decamethonium iodide, (d) 0-2 ug. acetylcholine, (e) 2 yg. decamethonium 
iodide, and (f) 2 yg. acetylcholine. All records except (e) and (f) show the spontaneous 
discharge preceding the injection. Time, | sec. 
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In a muscle denervated by the section of its nerve supply, 7 to 10 days pre- 
viously, an intra-arterial (distant) injection éf decamethonium produces a 
depression of the response of the direct electrical excitation similar to that 
produced by acetylcholine but more prolonged. 

The proof that the effect is a true contracture was obtained by recording the 
electrical variations. The close arterial injection of a small dose of decame- 
thonium is accompanied by an outburst of electrical activity greatly in excess 
of any previous spontaneous activity. As the dose becomes larger the outburst 
of action potentials stops abruptly and no rapid action potentials, due to either 
the spontaneous activity or to persisting effect of decamethonium, can be 
detected (Fig. 10). This phenomenon was called by Brown (19375) electrical 
‘silence’, because it is very striking if the amplified potentials are led to a loud- 
speaker. The spontaneous activity prodiices an irregular background of noise ; 
the injection of acetylcholine or decamethonium produces a double mechanical 
response, consisting of a quick initial contraction, followed by a prolonged 
contracture. The quick response is accompanied by an outburst of action 
potentials which is cut short with the onset of the slow contracture during which 
no more rapid action potentials can be detected. During the ‘silence’ produced 
by decamethonium, renewed injection of acetylcholine produces only the slow 
contracture with ‘no accompanying action potentials (Fig. 10f). The same 
phenomenon was described by Brown during = silence produced by a previous 
dose of acetylcholine. 

This activity on the denervated muscle is the strongest evidence of the mode 
of action of decamethonium, as Brown & Harvey (1941) were unable to detect 
any effect with eserine on the spontaneous activity, even of the denervated 
eye muscle, when very big doses (e.g. 0-5 mg.) were injected into the carotid 


Sensitivity of normal and denervated muscles to decamethonium 

In a previous report it was shown that the sensitivity of different muscles to 
blocking doses of decamethonium varied (Paton & Zaimis, 19494). It appeared, 
therefore, interesting to see the response of muscles to stimulant doses of 
decamethonium. Fig. 11 shows an experiment in which twitches of the soleus, 
a ‘red’ muscle, and the tibialis, a ‘white’ muscle, excited indirectly by supra- 
maximal shocks, were recorded simultaneously. Doses of decamethonium, 
injected intra-arterially, which depressed the tibialis twitch 30 and 60%, 
produced only potentiation of the soleus contractions. Finally, a dose which 
produced a complete block in tibialis for about 2 min. produced a transient 
60% depression in soleus. 

The same striking difference can be demonstrated in the denervated muscles. 
In the experiment of Fig. 12, degeneration of the sciatic nerve was allowed to 
proceed for 9 days. Directly excited twitches of the soleus and tibialis were 
recorded simultaneously. There is a very obvious difference between the two 
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_ muscles in the extent and the duration of the depression of the response to 
_ direct stimulation produced by the injection of acetylcholine or decamethonium. 


| Fig. 11. Cat 3-6 kg. Reoord of contractions of tibialis (upper record) and soleus (lower record) 4 
excited by twice-maximal shocks to the sciatic nerve, every 10 sec. At arrow 1, 20 pg., at q 
arrow 2, 30 yg. and at arrow 3, 40 ug. of decamethonium iodide injected into the external ; 
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Fig. 12. Cat 3 kg. Maximal directly excited twitches of denervated (9 days) tibialis (upper record) 
and soleus (lower record) at intervals of 10 sec. At arrows distant arterial injections, at arrow 
a 1, of 100 yg. of acetylcholine, at arrow 2, of 10 ug. of acetylcholine, and at arrow 3, of 10 yg. 
of decamethonium iodide. 


DISCUSSION 

| Decamethonium has already been shown to possess a stimulant action on the 
| normal mammalian muscle and to produce a contracture of the amphibian 
| muscle (Paton & Zaimis, 19496, c). Brown, Paton & Vianna Dias (1949) have 
shown also that decamethonium causes a depolarization of the muscle fibre 
restricted to the region adjacent to the end-plates. These findings pointed to a 
direct action of decamethonium at the neuromuscular junction. The evidence 
which is presented in the present experiments shows that decamethonium 
possesses at the neuromuscular junction all the nicotine-like actions of acetyl- 


choline. 
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In the normal mammalian muscle doses of decamethonium below the block- 
ing level produce regularly a potentiation of the indirectly excited maximal 
twitch, when applied so as to obtain sufficiently rapid access to the muscle 
fibres. In some preparations decamethonium can change the muscular con- 
traction from a simple twitch into a brief tetanus—an effect like that produced 
by the anticholinesterases: This need not necessarily be taken as evidence that 
decamethonium acts by virtue of its anticholinesterase properties since, as 
Brown (1937a) has shown; acetylcholine itself, when present in the circulation 
in substimulant concentrations; can cause repetitive firing of the muscle to 
single nerve shocks. | 

Further, clear evidence was obtained that the stimulant action of decame- 
thonium cannot depend on its anticholinesterase activity. Dodecamethonium 
iodide, # higher member of the same series, has a stimulant action which is 
parallel with its blocking activity and not with its anticholinesterase activity. 
Tetramethylammonium iodide, which is free from anti-esterase activity, also 
potentiates the indirectly excited maximal twitch. The frog’s rectus abdominis 
contracts in the same way to decamethonium even after complete inactivation 
of its cholinesterase by tetraethylpyrophosphate. 

An interesting finding was that small doses of eserine or prostigmin, in- 
effective by themselves, potentiate the stimulant action of decamethonium. 
The most probable interpretation of this effect is that eserine and prostigmin 
act by increasing non-specifically the excitability of the tissues. Hserine has long 
been reputed.to have such a non-specific action. If that is true for eserine, it is 
probably true for prostigmin and possibly, also, for every substance that is 
active in some respects at the neuromuscular junction. 

In denervated mammalian muscle, decamethonium has an effect indistin- 
guishable from that of acetylcholine; in similar doses it produces contractions 
associated with propagated action potentials, and, in larger doses, it produces 
a typical contracture. | 

The results with denervated mammalian muscle are in accordance with 
previous results on the frog’s muscle; both acetylcholine and decamethonium 
produce a contracture of the frog’s rectus abdominis. The action of decame- 
thonium on avian muscle, described elsewhere (Buttle & Zaimis, 1949) is a 
further strong confirmation that its action at the neuromuscular junction is 
essentially like that of acetylcholine. 

The experiments on the soleus have further emphasized the differences in 
responsiveness of ‘red’ and ‘white’ muscles to decamethonium, to which 
Paton & Zaimis (1949a) have already drawn attention. The two groups of 
muscles evidently have quite different sensitivities to both the stimulant and 


the blocking effects of decamethonium. This is not without some practical 


importance. During trials with paralysing doses of decamethonium in con- 
scious volunteers, tightness of the muscles of the calf and of the masseters has 
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been noted. If “red’ muscles in man are (as they appear to be in cats) more 
resistant to the blocking action of decamethonium, then these side-effects can 
easily be explained. A dose of decamethonium which will paralyse all ‘white’ 
muscles may have only a slight stimulant action on the more resistant (to 
paralysis) ‘red’ muscles. 

Neuromuscular block can be produced by quite different mechanisms. 


| Substances like the curarines act by competing for the acetylcholine receptor 


sites on the end-plate and thus raise the threshold of the end-plate to acetyl- 
choline. Other substances, like procaine, produce neuromuscular block by 
interfering with the release of acetylcholine by the nerve endings (Harvey, 
1939). Botulinus toxin (Burgen, Dickens & Zatman, 1948), calcium deficiency 
(Brown & Harvey, 1940) and injections with solutions rich in phosphate 
(Brown & Vianna Dias, 1947) produce a similar block. The neuromuscular 
block produced by anticholinesterases is due to the accumulation of acetyl- 
choline at the end-plate. , 

In a previous paper (Paton & Zaimis, 1949c) we have shown that the neuro- 
muscular block produced by decamethonium does not belong to any of the 
above three groups. | 

The experiments reported in this paper have shown that decamethonium 
possesses many of the properties of acetylcholine at the neuromuscular 
junction, but differs from it in being a stable substance unaffected by the local 
enzyme. Its blocking action at the motor end-plate can, therefore, be attributed 
to a persisting depolarization like that produced by acetylcholine when it is 
protected from hydrolysis through the action of an anticholinesterase. 


SUMMARY 


1. Decamethonium has been found to possess acetylcholine-like actions at 
the neuromuscular junction. 

2. In the normal mammalian muscle, doses of decamethonium below the 
blocking level, applied ‘distant arterially’, produce potentiation of the in- 
directly excited maximal twitch and spontaneous fasciculations. 

3. The stimulant action of decamethonium does not depend on its weak 
anti-esterase activity. 

4. Eserine and prostigmin, in doses ineffective by themselves, potentiate 
the stimulant action of decamethonium. 

5. Tetramethylammonium iodide, if injected ‘distant arterially’, increases 
the twitch tension of the indirectly excited mammalian muscle and this 
stimulant action is potentiated by doses of prostigmin, too small to produce 
any effect by themselves. 

6. The response of the denervated mammalian muscle to decamethonium is 
indistinguishable from that to acetylcholine. Both substances, in similar doses, 
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produce contractions associated with propagated action potentials and in 
larger doses typical contractures. 

7. The sensitivity of various muscles to decamethonium differs. Its stimulant 
action on normal soleus (a ‘red’ muscle) is much. more pronounced and more 
persistent than in normal tibialis (a ‘white’ muscle). After denervation, also, 
there is a striking difference in the extent and the duration of the depression 
of the response to direct stimulation. The same difference applies to acetyl- 
choline. 

8. As decamethonium possesses the properties of acetylcholine at the 
neuromuscular junction, its blocking action can be attributed to a persisting 
depolarization of the motor end-plate. 


I should like to thank Prof. G. L. Brown, Dr W. Feldberg, Prof. G. A. H. Buttle and Dr W. D. M. 
Paton for much helpful criticism and discussion. I am much indebted to Prof. G. L. Brown and 
to Dr J. A. B. Gray for recording the electrical responses of the denervated muscle, and my thanks 
are due also to Mr D. Lewis for his assistance. 
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- THE MODE OF EXCRETION OF CREATININE 
AND INULIN BY THE KIDNEY OF THE CAT 


By M. GRACE EGGLETON anp Y. A. HABIB 
From the Department of Physiology, University College, London 
(Received 10 March 1950) 


Inulin is used at present for the measurement of glomerular filtration rate 
(G.¥.R.) in most species of laboratory animal, including man, and the evidence 
in favour of the hypothesis that it is freely filtered at the glomerulus and neither 
secreted nor reabsorbed by the tubule cells is apparently strong (Smith, 1937). 
Certain other substances have the same clearance as that of inulin in certain 
species, e.g. creatinine and ferrocyanide in the dog, but not in man, and creati- 
nine has been used for measurement of G.¥F.R. in the cat (Eggleton & Habib, 
19494), since its clearance was found to be independent of changing creatinine 
concentration in the plasma. This clearance has now been compared with that 
of inulin over as wide a range of concentrations of the two substances as possible 
and with the concentrations both increasing and decreasing. 

The two clearances were identical under certain conditions, but under others 
the creatinine/inulin clearance ratio varied between 0-65 and 1-7. When the 
two are not identical, the evidence suggests that creatinine clearance is the 
more probable measure of filtration rate. 


METHODS 


The general experimental technique has been already described (Eggleton & Habib, 19494). 
A few experiments were performed under chloralose and urethane anaesthesia, but nembutal was 


used in the majority\and in the few experiments performed on dogs. In the latter, urine was 


collected from one kidndy only, by cannulation of the ureter near its upper end, and blood obtained 
from a femoral artery. Inylin (Kerfoot) was administered intravenously in concentrations ranging 
from 1 to 20%; either in\a single dose, or by constant infusion from a motor-driven syringe 
following a small initial dose. Creatinine was injected intravenously when a high concentration 
was required; when a low steady concentration was needed, it was given by the subcutaneous 
Toute. 

Creatinine was estimated ab the alkaline picrate, inulin by Cole’s modification (unpublished) 
of Roe’s method (1934). In both, colour comparison was made by use of a photoelectric colorimeter. 
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RESULTS 
Effect of inulin concentration on creatinine and inulin clearances 
The creatinine clearance was unaffected by large changes in the plasma-inulin 
concentration as can be seen in subsequent figures and tables. The response of 
the inulin clearance to such changes varied considerably from one animal to 
another, but in the majority there appeared to be a two-phase response. The 
clearance was at a maximum between 30 and 80 mg. inulin/100 c.c. plasma and 


Creatinine/inulin 
clearance ratio 413 
412 
1 
7 clearance 
15F (c.c./min.) 
13 
14 Plasma inulin 4 400 
(mg./100 ¢.c.) 300 
200 
100 
10} Urine flow 40 


20 40 60 100 1200 «#160 180 
10% inulin intravenously at 0-43 ¢.c./min. 

Fig. 1. Variation of inulin clearance with changes in plasma-inulin concentration, a maximum 
clearance occurring at <220 and >34 mg./100 c.c. plasma. Cat, 4-0 kg. Chloralose and 
urethane anaesthesia. 1 g. creatinine given subcutaneously at 10 min. Plasma-creatinine 
concentration 10-1—18-1 mg./100 c.c. 


fell at concentrations both lower and higher than this. The effect was observed 
whether the concentration was changing in an upward direction, by constant 


infusion, or in a downward direction, following a single injection, and cannot 


therefore be attributed to technical error involved by the changing concentra- 
tion. The results of one experiment, depicted in Fig. 1, demonstrate this action. 
As the concentration was increased from 216 to 405 mg. inulin/100 c.c. plasma, 
the creatinine/inulin clearance ratio rose from 1-08 to 1-44; the inulin clearance 
actually fell from 18-4 to 11-5 c.c./min., but there was a slight fall also in the 
creatinine clearance. As the concentration was allowed to diminish, by cessa- 
tion of the constant infusion, the inulin clearance rose again, the clearance ratio 
falling back to 1-09 at a concentration of 64 mg. inulin/100 c.c. plasma. 
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A further fall to 43 mg./100 c.c. was accompanied by a considerable decrease 


in clearance, the clearance ratio rising again to 1-42. 


Tastes I. Effect of changes in plasma-inulin concentration on the creatinine/inulin 


clearance ratio 
Plasma Clearance Plasma Clearance clearance of highest 
Exp. (mg./100¢0.c.) (¢.¢./min.) (mg./100c.0.) (c.c./min.) ratio ulin clearance 
1 35 25-2 40 23-6 1-06 40 
14 21-8 13 16-1 1-29 
2 44 14-6 49-5 16-2 0-9 49-5 
49 14-5 39-5 13-1 ll 
3 23 13-3 50 13-7 0-97 50 
17 13-8 30-3 13-0 1-06 
4 19-6 17:3 81 14-2 1-21 64 
21-7 17-4 64 15-7 1-11 
5 28 19-4 108 18-5 1-04 65 
26-5 19-4 65 21-0 0-92 
21 19-9 30-5 18-8 1-06 
6 22 15-5 134 15-2 102 82 
18-5 14-9 82 19-1 0-78 
7 13-6 21-0 212 21-5 0-97 24 
14-3 20-7 24 26-5 0-78 
13-3 20-8 19-7 23-5 0-88 
8. 52 13-4 33 13-4 10 33 
22 15-2 262 12-1 1-26 
13-18 17-6-19-6 10-13-5 14-2-16-1 1-2140-03 (6) 36 
10-14 16-9-20-3 29-36 15-2-17-'7 1-124.0-03 (6) 
10 44 24-1 108 22-7 1-06 <108 
47-5 20-9 126 16-8 1-24 
31-5 20-3 18-5 18-4 1-1 > 185 
25 21-4 13-3 16-7 1-28 
ll 12-4 17-8 220 14-8 1-2 <220 
15-2 18-1 287 12-7 1-42 
11-2 18-1 34 16-1 1-12 > 
10-7 17:7 24 14-6 1-21 


Nos. 2, 6 and 8 come from one animal. 


The absolute concentration at which these changes occur varies somewhat 
from one animal to another, as may be seen from the results of other relevant 
experiments given in Table 1. The first seven experiments relate to the effects 
of a falling plasma-inulin concentration. In the first three of these, the point 
of maximum inulin clearance has been already reached or passed, at 40, 49-5 
and 50 mg. inulin/100 c.c. plasma respectively. In Exps. 4 and 6 it has not 
yet been reached, at 64 and 82 mg./100 c.c. respectively, and in Exps. 5 and 7 
it is passed through, at 65 and 24 mg./100 c.c. respectively. Exps. 8 and 9 deal 
with the effects of an increasing concentration of plasma inulin, while the 
remaining two are concerned with an increase, followed by a decrease, in plasma- 
inulin concentration. In both, there is a fall in inulin clearance as the plasma- 
inulin concentration is raised (to 287 and 126 mg./100 c.c. respectively) ; this is 
succeeded by an appreciable rise as the plasma-inulin concentration is allowed 
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to fall (to 18-5 and 34 mg./100 c.c, respectively),’followed by a fall at still lower 
concentrations. It should be stressed that most of the results quoted represent 
the beginning and end of a series of clearance periods, the intermediate values 
having been omitted as cumbrous and unnecessary. 

_ Although the figures in the last column vary widely, it is clear, from the 
‘nature of the experiments, that they cannot be exact. In round numbers, one 
‘might be permitted to conclude that a point of maximum clearance obtains at 
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Creatinine/inulin clearance ratio 


0 10 20 30 40 50 60 70 80 
Mg. inulin/100c.c. plasma 
Fig. 2. Effect of changing plasma-inulin concentration on the creatinine/inulin clearance ratio in 
3 dogs. The arrows indicate the direction in which the plasma inulin concentration was 
changing. @——-@, dog 1; + , dog 2; © dog 3. 


a concentration of approx. 50 mg./100 ¢.c. plasma, diminishing at concentra- 
tions both above and below this value. Even greater variation is seen in the 
relation of creatinine to inulin clearance. The former is by far the more constant 
of the two, but the inulin clearance may be consistently lower as in Exp. 11 or 
consistently higher as in Exp. 7. In the former, a creatinine/inulin clearance 
ratio of 1-21 at 24 mg. inulin/100 c.c. plasma contrasts with a value of 0-78 in 
the latter. This variation precludes the demonstration in a composite diagram 
of the general relation between plasma inulin concentration and creatinine/inulin 
clearance ratio which is to be so clearly observed in individual experiments. 
Although it is almost universally agreed that inulin clearance in the dog is 
independent of wide variations in plasma inulin concentration, closer inspection 


the 
| rati 
beh 
0-9 
| 
wit 
ore 
ex} 
; 
1-4 pe 
‘ii 
in 
co 
to 
ol: 
d 
45 
| 
pl: 
int 
cr 
j cle 
E: 
co 


CREATININE AND INULIN CLEARANCES IN CAT 195 


of some of the original results on which this belief is based led us to investigate 


the matter in a small number of this species. The results of the experiments 
performed are shown diagrammatically in Fig. 2. The creatinine/inulin clearance 
ratio values have been inverted so that the slope of the lines indicates the actual 
behaviour of the inulin clearance. A point of maximum clearance is to be 
observed at 30-40 mg. inulin/100 c.c. plasma, irrespective of whether the plasma 
inulin concentration is rising or falling. | 

The values for dog 1 were all obtained with a falling plasma-inulin concentration following 
a single injection of inulin; the samples were taken 40-100 min. after the end of the injection. 
In dog 2 @ priming dose of inulin was followed by continuous infusion, which allowed the plasma- 
inulin concentration to fall gradually ; sampling covered 40-107 min. after the end of the priming 
dose. In dog 3 the increase in concentration was attained by constant infusion of inulin at in- 
creasing speed ; each point is the mean of three clearance periods, the first measured at 20-60 min. 
after the beginning of the slowest infusion and the other two at 10-50 min. after change in rate of 
infusion. 

Effect of creatinine concentration on the creatinine and inulin 
clearances in the cat 

In confirmation of earlier results, it has again been consistently found that the 
creatinine clearance is entirely unaffected by large changes in the plasma- 
creatinine concentration. The point is demonstrated in the table and figure 
which follow. Inulin clearance, on the other hand, is quite consistently de- 
pressed when the creatinine concentration is increased. The results of a typical 
experiment demonstrating this point are shown in Fig. 3, and the relevant 
information concerning the twelve experiments of this nature which have been 
performed are given in Table 2. 

In Fig. 3 it is seen that the inulin clearance is less than that of creatinine 
throughout the experiment and is considerably depressed by the injection of 
creatinine. There is no reason to suppose that the G.¥.R. itself was diminished: 
in fact, the slight rise in creatinine clearance subsequently observed suggests 
the reverse, due possibly to dilution of plasma colloids. As the plasma-creatinine 
concentration diminishes, the inulin clearance rises again but does not return 
to its original value. These changes are clearly unconnected with change in 
plasma-inulin concentration, which moved only from 11-5 to 10-3 mg./100 c.c. 
during the creatinine injection and fell gently to 6-3 mg./100 c.c. in the following 
45 min. 

In Table 2 it can be seen that the degree of depression varies widely from one 
animal to another, being apparently unconnected with the absolute value of 
plasma-creatinine concentration, and in Exp. 21 is only inferred from the 
increase in creatinine clearance. In the majority of experiments the high 
creatinine value was obtained by a single injection of this substance, i.e. the 
clearances were measured with a falling plasma-creatinine concentration. In 
Exps. 14 and 23, however, the high value had been attained gradually by 
constant infusion, and the clearances measured while the plasma-creatinine 
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concentration was still increasing. In several experiments, the change in 
plasma-inulin concentration would itself have tended to diminish the inulin 
clearance, but in others it would have had the reverse effect, and in two or three 
there would be no effect since the inulin concentration changed but little. On 
the whole, therefore, the changing plasma-inulin concentration can have had 


B.P. mm. 100 105 115 120 125 115 
120 115 115 


Sse RR 


in plasma 
(mg./100 ¢.c.) 


wr Urine flow 


0-5 + (c.c./min.) 


1-5 g. creatinine 
(4$c.c.) 
intravenously 
Fig. 3. Depressant effect of an increase in plasma-creatinine concentration on the clearance of 
inulin. Cat, 4-25 kg. An initial injection of 2 g. inulin and 1-5 g. creatinine was ended at time 
0 min. +—— +, creatinine; @ -----@, inulin. 


little effect on the average result, and the main part of the 20°% depression in 
inulin clearance can be attributed to the increased concentration of creatinine. 
No such depression in creatinine clearance occurred, the average value re- 
maining unchanged. In Exps. 11, 12, 15, 17, 18 and 20 the inulin clearance 
recovered to a varying extent as the creatinine concentration diminished, but 
in the remaining six it did not. 

One experiment has been omitted from the table, since the aberrant results obtained were 
clearly due to an abnormal state of the kidney. The cat (4-6 kg.), unlike the majority, was secreting 
freely without administration of any diuretic: with concentrations of only 6 mg. creatinine and 
30 mg. inulin/100 c.c. plasma, a flow of 1-8 c.c./min. was maintained. Injection of 2 g. creatinine 
(56 c.c.) intravenously resulted in a flow of 2-5-3-0 c.c./min. and at the end of the experiment the 


kidneys were found to be tense. The rise in plasma-creatinine concentration was accompanied by — 
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@ fall in creatinine clearance from 25 to 20 c.c./min., from which there was no recovery, and the 


very rapid rate of urine flow was maintained throughout. The inulin clearance fell from 22 to 
16-5 c.c./min., ie. there was only a negligible increase in creatinine/inulin clearance ratio. The most 
likely explanation of this course of events is that the very high rate of flow induced by the injection 
resulted in an increase in intrarenal pressure, with consequent back diffusion of tubular fluid in 
which creatinine, owing to ite greater diffusibility, participated more than inulin. 


The figures in the table again emphasize the great variation in creatinine/inulin 
clearance ratio which may be encountered in different animals. It varied from 


0-67 in Exp. 15 to 1:3 in Exp. 17 and attained a value of 0-94 (Exp. 18) to 
1-67 (Exp. 17) after the creatinine concentration had been raised. 


Taste 2. Depressant effect of a high plasma-creatinine concentration on the 


inulin clearance 
Concentration in Percentage change in 
plasma (mg./100 c.c.) Clearance  (c.¢./min.) clearance 

Exp. (kg.) Creatinine Inulin Creatinine Inulin Creatinine Inulin 

12 5-0 9-8 33-9 32-4 
40 30-0 -12 — 20-5 

13 3-75 3-0 26-0 21-8 pet 
49-0 11-5 20-8 19- ~12-5 

14 4-0 18-4 82-0 14-9 19-1 
49-0 39-5 14-5 13-1 —2-5 —31-5 

15 5-5 10-1 22-0 22-0 32-8 
53-5 13-0 23-3 22-0 +5°5 — 33-0 

16 —* 40-0 25-2 
64-0 12-6 20-7 18-0 — — 28-5 

17 4-25 15-3 13-9 21-5 16-4 
770 9-3 23-8 14:3 +105 - 130 

18 4-0 —* 52-0 — 21-6 
110-0 19-0 12-0 12-8 — -41-0 

19 5-25 52-5 73-0 110 12-0 
117-0 69-0 120 10-4 +80 -130 

20 4-25 152-0 13-4 14-4 
1210 74-0 10-6 10-3 — 21-0 — 28-5 

21 4:5 13-0 118-0 13-5 15-6 
121-0 30-0 15-4 15-5 +14 0-0 

22 3-9 13-8 62-5 4-7 4-4 
133-0 122-0 46 3-9 —2-0 -11+5 

23 4°25 21-7 17-4 15-7 
160-5 28-0 170 12:3 -2-0 


DISCUSSION 


We have been unable to confirm the findings of Gammeltoft & Kjerulf-Jensen 
(1943) that creatinine and inulin clearances are identical in the cat. This is not 
surprising, for their results referred to experiments on only three animals, and 
in a later personal communication they admitted that such a result was 
obtained only under certain conditions. 
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The results as a whole are difficult to interpret in terms of the current theory 
of renal activity. It is clear that inulin clearance and creatinine clearance cannot 
both be accepted as a measure of G.¥.n. Acceptance of the former is difficult, 
in view of its variation with plasma inulin concentration. The low clearance at 
low concentrations can only be explained in terms of some back diffusion 
process, possibly through the outer wall of Bowman’s capsule, the membrane 
concerned being relatively impermeable to inulin, so that the leak is more 
obvious when the concentration is low. The low clearance at high plasma- 
inulin concentrations might, however, be a true reflexion of reduction in G.Fr.R., 
owing to the increased viscosity of the filtrate hindering the passage of the 
fluid down the tubules. On this hypothesis the relative constancy of the 
creatinine clearance, and its independence of changes in plasma-creatinine 
concentration, might then be due to a double process of back diffusion of all 
the filtered creatinine and secretion elsewhere of a fixed proportion of the 
plasma creatinine. There is at present no evidence for such a complicated series 
of events. 

The alternative view—that creatinine clearance is more acceptable as a 
measure of G.¥.R.—admittedly has its drawbacks, but on the whole seems to 
be the more likely. The fact that the inulin clearance may be considerably 
below or considerably above the creatinine clearance suggests that inulin can 
be both reabsorbed and secreted by the tubule cells: and the variation m 
clearance ratio from one animal to another suggests that the magnitude of the 
two processes is subject to individual variation. The rise in inulin clearance 
towards a maximum value with rising plasma inulin concentration towards 
50 mg./100 c.c. is definitely suggestive of active reabsorption, the mechanism 
becoming proportionately less effective as the concentration increases; but the 
fact that the inulin clearance at this maximum value may be greater than the 
creatinine clearance indicates some relatively steady secretion in addition. 
The further fall in inulin clearance at higher concentrations may then be 
indicative of the behaviour of any substance being actively secreted. 

The alternative possibility—that the reduction in inulin clearance at high 
concentrations is due to a passive back diffusion of the substance from tubule 
to capillary—is rendered unlikely by the observation that inulin diffuses far 
less readily than does creatinine when the tubule cells have become ‘leaky’. 
In addition to the one experiment of this nature mentioned earlier, a similar 
condition was encountered in two other animals. One was feverish, developed 
lung oedema, and gave only a very scanty secretion in spite of injection of 
inulin (5 g.) followed by sulphate infusion. An inulin clearance of 6-7 o.c./min. 
was accompanied by an endogenous creatinine clearance of 1-85 c.c./min. In 
the second, the cannula and trigone set solid with inulin following the injection 
of 50 c.c. 10% solution. After warming the trigone for some time and clearing 
the cannula, a faster flow was induced by giving sulphate. The inulin clearance 
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® was now 24 c.c./min, and that of endogenous creatinine 10 ¢.c./min. In this 
+ case, recovery occurred later in the experiment, as may be seen in Table 2 
% (Exp. 16). In the only other experiment in which the clearance of endogenous 
“ereatinine was compared with that of inulin, the former was slightly greater 
than the latter, and it seems reasonable to attribute the relatively low creatinine 
_ Clearance in the two experiments quoted to leakage from the tubules. | 

The few experiments performed on dogs indicate that a similar state of affairs 
exists also in this species. Of the older work in which the identity of creatinine 
and inulin clearances was first established, the range of plasma-inulin concen- 
tration studied was usually upward from 50 mg./100 c.c. Richards, Westfall & 
Bott (1936) covered a lower as well as the higher range (from 16 to 1290 mg./ 
} 100c.c.), but published only an average figure of clearance ratio for the whole. 
Van Slyke, Hiller & Miller (1935), however, who compared the behaviour of 
_ inulin with that of ferrocyanide, creatinine and urea, plotted the results of 
individual experiments as percentage extraction of each substance against 
- eoncentration in plasma. There was no suggestion of any relationship between 

the two in the case of ferrocyanide, creatinine or urea, but in that of inulin 
a significant increase in percentage extraction was observed at approx. 40 mg./ 
100 c.c, plasma as compared with both lower and higher concentrations. The 
authors attributed these high values to technical error in inulin analysis, for 
ao very obvious reason, but it seems likely, in view of our own results, that the 
increase in percentage extraction (equivalent to an increase in clearance 
relative to that of creatinine and ferrocyanide) at approx. 40 mg./100 c.c. 
plasma was real. A re-investigation of the problem, with the use of a larger 
- pumber of animals, seems desirable. 
Recent publication of measurement of inulin clearance in man following 
a single injection of the substance (Robson, Ferguson, Olbrich & Stewart, 1949) 
i - suggests a similar dependence of inulin clearance on plasma-inulin concentra- | 
tion. In five of the nine subjects investigated, the clearance fell uninterruptedly | 
with fall in concentration, from 10 to 21%. In one subject, only two values 
were given, showing no change. In the remaining three, a rise in clearance 
preceded the fall. As a group, the clearances were measured over a falling 
plasma-inulin concentration from 60-90 to 15-20 mg./100 c.c., but no accurate — i 
) comparison between clearance and plasma-inulin concentration in the indi- 
vidual experiments is possible from the results as published. As a whole, they L 
suggest that there is a concentration in the region of 50 mg./100 c.c. plasma at 
which maximal clearance occurs, as in the dog and cat, the value falling at 
concentrations both higher and lower than this. 

If inulin is both reabsorbed and secreted by the renal tubule cells, then the 
action of a high concentration of creatinine in depressing the inulin clearance 
could be interpreted either as a depressing action on its secretion or an en- 
hancing action on its reabsorption. There is no chemical resemblance between 
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the two substances, so that any suggestion of its action as an enzyme inhibitor 
in depressing secretion cannot be entertained, as was possible in the case of 
creatinine and p-aminohippuric acid (Eggleton & Habib, 19496). The pheno- 
menon is, in fact, inexplicable at present. 


SUMMARY 


1. In the cat, the inulin clearance may be greater than, equal to, or less than 
the creatinine clearance in varying en the latter clearance remaining 
the more constant of the two. 

2. On a constant background of vad creatinine concentration, the inulin 
clearance varies with plasma-inulin concentration, having a maximal value at 
approx. 50 mg./100 c.c.. It falls at lower and at higher concentrations (Fig. 1, 
Table 1). 

3. In dogs (3), a similar dependence of inulin clearance on plasma-inulin 
concentration was observed, a maximum clearance occurring at 30-40 mg./ 
100.0. (Fig. 2). Information in a recent publication suggests a similar behaviour 
of inulin in man. 

4. A large increase in creatinine concentration depresses the inulin clearance, 
but creatinine clearance is unaffected by changes either in creatinine or inulin 
concentration (Fig. 3, Table 2). 

5. It is concluded that creatinine clearance in the cat is probably a measure 
of glomerular filtration rate, and that inulin can be both secreted‘ and reab- 
sorbed by the tubule cells. 


Our thanks are due to Dr Mary Pickford for supplying us with details of Cole's 8 modification for 
estimation of inulin. 
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ne _INTRA-ABDOMINAL PRESSURES DURING 
ig QUIET BREATHING 
n 4 By J. N. MILLS (Fellow of Jesus College, Cambridge) 
tO From the Physiological Laboratory, University of Cambridge 
(Received 22 March 1950) 
in - The older German literature contains numerous accounts of the respiratory 
J _ variations of intra-abdominal pressure, recorded from balloons or sounds 
- inserted in hollow viscera and connected to liquid manometers (Rosenthal, 
_ 1882; Hérmann, 1905; Kaiser, 1912; Bohnen, 1931). All agree that in man an 
®, _ inspiratory rise of pressure is usual, especially in the recumbent position; but 
es Kaiser (1912) recognizes the difficulties due to inertia of the manometer liquid 
in determining accurately the magnitude or form of the pressure variations. 
Rushmer (1946) has recently produced experimental evidence that a rectal 
D- balloon does record the intra-abdominal pressure, and Mills (1950) found a 
gastric balloon more reliable. The only account of respiratory changes of intra- 
‘a abdominal pressure in man, faithfully recorded with an optical manometer, 


_ seems to be that of Duomarco & Rimini (1947); some records obtained in the 
course of other work are therefore here described. 


METHODS 


Six male and one female subjects have been examined supine upon a level couch. 

: The methods described by Mills (1950) have been used to obtain photographic records of spiro- 
5, _ meter movement and of intra-abdominal pressure from an intragastric balloon connected to an 
optical manometer. A second optical manometer of high sensitivity was also connected to the balloon 
} to determine accurately the pressure variations during quiet breathing. This manometer often — 
needed adjustment during the experiment to bring its whole excursion on to the camera 

} 80 the absolute pressure was determined from the insensitive manometer. | 


RESULTS 
_ Nineteen photographic records were obtained from the seven subjects during 
quiet breathing. Throughout every record the intra-abdominal pressure rose 
to a maximum at the end of inspiration and fell to a minimum at the end of 
expiration, as is seen in the records in Fig. 1. The lowest pressure was 6-17 mm. 
Hg, except in one subject, who was nearly retching, who recorded a pressure of 
_ $7 mm. Hg with an inspiratory rise of 4 mm. Hg. As the pressures were referred 
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to a zero point 8 cm. above the surface of the couch, which in all subjects was 
about 10 cm. below the anterior abdominal wall, hydrostatic pressure would 
account for a considerable part of this resting pressure, leaving only a small 
contribution, if any, from muscle-tone, in agreement with Rushmer (1946). 
The inspiratory rise of pressure usually lay between 2 and 4 mm. Hg, though 
its extreme limits were 0-7 mm. Hg, with a tidal air of 200 ml., and 5-8 mm. Hg, 
with a tidal air of 550 ml. In one subject the inspiratory pressure rise was 
1-5 mm. Hg greater when the tidal air was deliberately increased from } to 1 |. 


Spirometer Time=1 sec. Manometer 


St 

02+ 


| 10 
mm. 
Hg J5mm. 
Hg 
Fig. 1. Spirometer trace (thick line) and intra-abdominal pressure on a sensitive and an insensitive 


manometer during quiet breathing. Upper trace, subject J.R.J.M.; lower trace, subject 
J.N.M. Inspiration downwards. Read from left to right. 


_ As well as these recordings, numerous visual observations of the pressure 
changes have been made upon the author in the course of other work. An 
inspiratory rise of pressure has invariably occurred. 


DISCUSSION 


The results here described are in general agreement with those of Duomarco & 
Rimini (1947), who used a duodenal sound. The tracings are not exactly com- 
parable since their respiratory trace was obtained with a flowmeter instead of 
the volumetric spirometer here used. They found a somewhat larger respiratory 
fluctuation of pressure and a stabilization of pressure at a low level during the 
latter part of expiration. In the tracings here described the pressure fell 
throughout expiration unless the spirometer became stationary for a time before 
the beginning of the next inspiration. 


SUMMARY 
Nineteen optical records of intra-abdominal (intragastric) pressure have been 
obtained from seven healthy supine subjects during quiet breathing. Pressure 
rose and fell throughout inspiration and expiration, with an oscillation of 
07-58 mm. Hg. | 


’ My thanks are due to the subjects, and to 8. Langford for technical assistance. 
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THE DECREASE IN HAND BLOOD FLOW FOLLOWING 
INFLATION OF AN ARTERIAL OCCLUSION CUFF 
ON THE OPPOSITE ARM 


By IAN C. RODDIE 
From the Department of Physiology, The Queen’s University of Belfast 
(Received 27 March 1950) 


It is well known that many sensory stimuli have a pronounced effect on the 
blood flow through the hand, provided that the subject is neither cold nor very 
hot. Stewart (1911) found that the immersion of one hand in water at 6° C. 
reduced the heat elimination in the opposite hand, and Capps (1936) showed by 
plethysmographic methods that when the subject was pinched on the upper 
arm there followed a diminution in blood flow into the hand on the same side. 
Goetz (1946) has found a decrease in toe volume in response to the rapid 
inflation of an arterial occlusion cuff on the arm. 7 

In many types of investigation the blood flow in the hand is measured while 
procedures are carried out which involve repetitive inflation of arterial oc- 
clusion cuffs on the opposite arm. Examples of these are: (1) measurement of 
arterial blood pressure at fixed intervals; (2) forearm plethysmography, where 
a cuff is inflated distal to the plethysmograph to stop the hand circulation 
during blood-flow measurement (Grant & Pearson, 1938). 

Having regard to the unstable nature of hand blood flows and the extent of 
their variation in response even to trivial stimuli, experiments were carried out 
to see if the inflation of a cuff to 200 mm. Hg pressure on the opposite arm 
caused any significant change in hand flow and if so, whether constant re- 

petition of this stimulus was followed by adaptation. 


METHODS 


' Observations were made on healthy male students aged 17 to 22 years. Before each experiment the 
subject rested at the selected room temperature for 1 hr. The room temperature varied in different 
experiments from 19-5 to 29° C., but in any one experiment was kept as constant as possible, usually 
varying by not more than 1-2° C. 

Hand blood flows were recorded by means of a venous occlusion plethysmograph (Barcroft & 
Edholm, 1945), filled with water at 32° C., the principle being that described by Brodie & Russell 


(1905). The plethysmograph was placed on the right hand half an hour before observations were 
commenced. 
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A pneumatic ouff, connected to an air reservoir and a mercury manometer, was applied at this 
time in some experiments to the left arm, and in others to the wrist. It was inflated to 200 mm. Hg 
pressure at fixed intervals during all observations. In different experiments different cuffs whose 
widths varied from 5 to 10 cm. were used. The rate of increase and decrease of pressure in the 
cuff was recorded, by means of a tambour, simultaneously with the hand blood flow. This rate was 
varied by adjusting a screw clip on the tubing connecting the reservoir and cuff. 

During each series of observations the occlusion cuff was inflated at intervals of 60 sec. in some 
experiments and 90 sec. in others. It was maintained at full pressure for 10 sec. In recording the 
hand blood flow the collecting pressure of 70 mm. Hg was applied for 6 sec. in every 10 sec. The 
first of these recordings was commenced in some experiments simultaneously with, and in others 
4 sec. after, inflation of the occluding cuff. In yet further experiments the collecting pressure was 
applied continuously for 15-20 sec. following cuff inflation. 

For the analysis of the results the observations were divided into either six 10 min. or five 
18 min. runs. By these methods it was hoped to see whether there was adaptation to the constant 
repetition of the stimulus. 

In three experiments observations were made on subjects in a vasodilated condition, the subject, 
wrapped in blankets, immersing his feet in a stirred water-bath at 43-5° C. (Gibbon & Landis, 1932). 


RESULTS 
The effect of inflating a blood-pressure cuff on the hand blood flow 
When the cuff was rapidly inflated on the opposite arm a sigmoid blood inflow 


curve was obtained as shown in Fig. 1, tracings A and C. It was not a smooth 
curve, but could be divided into three more or less distinct parts. Immediately 


x B D Y 


Fig. 1. Effect on the hand blood flow of inflation of a cuff on the opposite arm to 200 mm. Hg. 


At A and C the plethysmograph collecting cuff and the occluding cuff on the opposite arm were 
inflated. At B and D the collecting cuff only was inflated. X and Y are recording correlation 


marks. Time in sec. 


following the inflation was a latent phase during which the hand blood flow was 
maintained at about its previous level. This was followed in turn by a reduced 
flow phase and a recovery phase. Tracings B and D in Fig. 1 are control ob- 
servations in which, when the tap to the blood-pressure cuff was turned, air 
was prevented from entering the cuff by means of a device of which the subject 
Thiele | from all the relevant experiments is pre- 
The aggregate analysis of results from e relevan 
sented in Fig. 2 and is bi based on 2800 observations on ten individuals. Each 
point represents the averaged results of twelve to fifteen observations. The hand 
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blood-flow values have been plotted as coincident with the point where the 
plethysmograph collecting cuff was inflated, but they are also pertinent to the 
subsequent few seconds. Since the inflow following inflation of the blood- 
pressure cuff could be divided into three phases, the results are considered from 
this standpoint. 

(1) Blood flow during the latent phase (duration 3-5 + 0-22 sec.). During this 
period the inflow appeared to be about 10%, below the resting level but it was 
not clear whether this difference was significant. It might conceivably be a 
psychological effect caused by anticipation of the cuff inflation. 


32 of normal hand blood flow - 
so@e 


1 i i L L 
0 10 20 50‘ 60 70. 90 


Fig. 2. Aggregate analysis of all observations excepting only those in which the subject was in 
a state of vasodilatation due to indirect heating. The figure includes experiments in which the 
arm cuff was inflated to 200 mm. Hg at 60 or 90 sec. intervals. Hand blood flows are expressed 
as a percentage of the resting flow, this flow being taken as the mean flow 40 and 50 sec. 
following the inflation of the cuff. Each dot represents the average of twelve to fifteen obser- 
vations and has been plotted as coincident with the time of inflation of the collecting cuff, 
although it also refers to the blood flow during the subsequent few seconds. Time in 
seconds. Cuff inflated from 40—50 sec. 


(2) Blood flow during the reduced flow phase (duration 4-5 + 1-0 sec.). In this 
phase the hand blood flow fell to an average of 33%, of the latent phase value 
and in some cases even fell to zero. This mean percentage includes those 
observations where no alteration in blood flow was elicited by inflation of the 
cuff, The large variation in the degree of fall produced will be seen from Fig. 2. 

(3) Blood flow during the recovery phase (duration 10-20 sec.). Whereas the 
rate of inflow remained fairly steady throughout each of the first two phases, 
in the recovery phase the inflow returned progressively and fairly rapidly to the 
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resting level. The durations of the latter two phases were much less constant 
than that of the latent phase as can be seen from the standard deviations of 
the individual responses from the means. At the lower room temperatures, 
19-23° C. recovery was rather slower, the resting level not being regained for 


30-40 sec. At all temperatures there was no regular increase in flow above the 


resting level following the period of reduced flow. 

These three phases constituted the typical response to the inflation of the 
blood-pressure cuff to 200 mm. Hg pressure on the opposite arm. This response 
was elicited by about nine out of ten cuff stimuli. There was no evidence from 
the shape of the blood inflow curves that the inflation of the plethysmograph 
collecting cuff was itself responsible for a similar or smaller response. 


w 
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Hand blood flow (mi./100 mi_/min.) 


0 10 20 30 40 50 60 70 80 90 
Fig. 3. Effect of prolonged repetitive contralateral] cuff inflation on hand blood flow. Curves 
1-5 represent the averaged results of five consecutive runs of 12 cycles. Time in seconds. 
Cuff inflated from 40-50 sec. 


Individual variation 
Though the subjects varied to some extent in their response to the stimulus 


' they all gave a high proportion of positive results. In no subject was the 


average fall in hand blood flow following cuff inflation less than 25% of the 
normal flow in any one experiment. Since the averages from different indi- 
viduals were in such good agreement a statistical analysis was thought to be 
unnecessary. 

Adaptation. The results of a typical experiment are shown in Fig. 3. This 
lasted for 100 min. and was conducted in five consecutive 18 min. runs separated 
by 2 min. intervals. The average results of each of these consecutive runs have 
been graphed separately, and are numbered 1-5 in Fig. 3. The decrease in hand 
blood flow following cuff inflation, if the previous resting levels are borne in 
mind, will be seen to be of much the same order throughout the experiment. 
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Results from all the relevant experiments showed that the hand blood flow 
fell to an average of 29%, of its resting value in the initial half of the exper- 
ments and to 325% in the latter half. 

No subject experienced pain as a result of inflation to 200 mm. Hg for 
10 sec., and warning the subject that the cuff was about to be inflated had no 
effect on the response. The element of surprise was largely eliminated by the 
repetition of the stimulus at constant intervals over long periods. There was 
no obvious alteration in the proportion of stimuli, about one in ten, which 
failed to elicit a response at the start and finish of each experiment. 

These results show that there was no important. adaptation to the cuff- 
inflation stimulus over experimental periods of 1-2 hr. 


Sec. 


Fig. 4. Effect of rate of cuff inflation. Thickened lines represent the pressure in the occluding cuff. 
The plethysmograph collecting cuff and the occluding cuff on the opposite arm were inflated 
simultaneously. Tracings 1, 2 and 3 show the effect of progressively slower rates of inflation 


of the occluding cuff. 
Rate of cuff inflation 
The more rapid the inflation of the occluding cuff the greater were the effects 
produced (Fig. 4). In most experiments the cuff was inflated so that it exerted 


the maximum pressure in 0-6 sec. By means of the screw clip resistance this _ 


time could be lengthened to over 10 sec. When inflation occupied between 1 and 
5 sec., the fall in blood flow was not so marked and recovery was more rapid 
than when the cuff was inflated in 0-6 sec. No change in the blood flow was 


pes when the cuff was slowly and evenly inflated to 200 mm. Hg over 10 sec. 
(Table 1). 
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TasiE 1. Effect of rate of cuff inflation. Hand blood flow expressed 
as percentage inflow in latent phase 


Hand blood flow 
Time in sec. for "Latent Reduced flow _ Initial recovery 
inflation of cuff to phase phase 

200 mm. Hg pressure (0-3-5 sec.) (3-5-8-0 sec.) (8-0-12-0 sec.) 

Under | 100 33 58 

1-5 100 61 83 

Over 9 100 100 100 

Room temperature 


Though, when the room was hot (26-29° C.) and the hand blood-flow level 
high, cuff inflation caused a greater absolute fall in flow, the relative fall in flow 
was not significantly different from that found at moderate room temperatures. 
When the room was colder (19-23° C.) the recovery phase was about 10 sec. 
longer than at higher temperatures. 

In experiments where the subjects underwent vasodilatation by means of 
indirect heating, the fall in blood flow into the hand following cuff inflation 
became less marked and finally, after about 15 min. of indirect heating, no 
fall was observed. In one subject a 15% rise in inflow followed by a sharp fall 
to the resting inflow value was observed. These experiments have not been ~ 
included in the aggregate analysis of results (Fig. 2). 


DISCUSSION 


Goetz (1946) observed a decrease in toe volume in response to the inflation of 
an arterial occlusion cuff on the arm. In the experiments now described, it was 
found that the rapid inflation of a cuff to 200 mm. Hg pressure on the arm was 
followed by a marked fall in blood flow in the opposite hand. This decrease in 
flow was measured in ten subjects. The hand blood flow fell after a 3-4 sec. 
latent period to an average of 33%, of its resting value and only regained the 
normal level about 15-25 sec. later. No important adaptation to this stimulus 
occurred during periods of observation of up to 100 min. duration. 

It follows that in experiments in which an arterial occlusion cuff is inflated 
while the hand blood flow is being measured on the opposite arm, misleading 
results may be obtained. This can, however, be avoided in experimental work 
of this kind if simple precautions are taken. The results showed that the fall in 
hand blood flow in response to contralateral cuff inflation was roughly propor- 
tional to the rate of pressure increase in the cuff. No decrease occurred when 
the cuff was slowly and steadily inflated over a period of 10 sec. The cuff may 
be filled in this manner if the tubing connecting reservoir and cuff is provided 
with a suitable constriction. Alternatively, undisturbed readings may be 
obtained 30 sec. after rapid inflation of an occluding cuff. 
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SUMMARY 


1. Following the rapid inflation of a blood-pressure cuff to 200 mm. Hg 
préssure on one arm the hand blood flow on the opposite side fell to an average 
of 33% of its mean resting value and regained this value about 15-25 sec. later. 

2. No important adaptation to this stimulus occurred during experimental 
periods lasting up to 100 min., the cuff being inflated every 90 sec. 

3. The fall in flow was not observed when the subjects were in a vasodilated 
condition. 

4. The possibility of obtaining misleadingly low hand blood-flow measure- 
ments when a blood-pressure cuff is being periodically and simultaneously 
inflated is discussed. 

5. This disturbance of the hand blood flow can be avoided if the cuff is 
slowly and evenly inflated over a period of about 10 sec. 


_ I wish to thank the students of The Queen’s University, Belfast, for acting as subjects, and 
Prof. A. D. M. Greenfield, at whose suggestion this work was carried out, for his advice and 
criticiam. 
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THE SYMPATHETIC INNERVATION OF 
THE EXTRINSIC OCULAR MUSCLES 


By G. L. BROWN 


From the Department of Physiology, University College, 
Gower Street, London, W.C. 1 


(Received 3 April 1949) 


The claim has been made by Bennati & Isola (1946) that stimulation of the 
cervical sympathetic trunk in the cat and dog causes a contraction of the 
superior oblique muscle of the eye. There is ample histological evidence that 
the major extrinsic ocular muscles do not contain detectable amounts of 
unstriated muscle, and the occurrence of a slow contraction from sympathetic 
stimulation and adrenaline seemed to raise some interesting possibilities. 
Bennati & Isola’s original observations were made under conditions which did 
not entirely exclude the intervention of the motor nerves of the extrinsic 
muscles, and we have accordingly repeated their experiments under more 
strictly controlled conditions. We are led to the conclusion that the apparent 
contraction observed by Bennati & Isola was not due to the extrinsic ocular 
muscles proper, but to the contraction of other smooth muscular tissue in the 
orbit. 
METHODS 

The experiments were made on cats and dogs anaesthetized with sodium pentobarbital (45 mg./kg.). 
The skull was opened with a trephine, and sufficient bone was removed to allow retraction of the left 
cerebral hemisphere to expose the mid-brain. The IV cranial nerve was cut where it lies closely 
medial to the edge of the tentorium cerebelli, and the III nerve was cut at its exit from the inferior 
aspect of the mid-brain. Bleeding during this operation was controlled in the cat by temporary 
occlusion of the carotid arteries and the application of a clamp to the vertebral arteries. In the 
dog, the vertebrals were occluded by traction on threads passed beneath the vertebral arteries at 
their entry to the vertebral foramen; the head was then immobilized in a holder. The movements of 
the superior and inferior oblique and rectus muscles were recorded by attaching their tendons with 
a thread to a light isotonic lever, with a magnification of approximately x 10, writing on a smoked 
drum with a frontal point. The muscles were freed to a varying degree from the orbital tissues. 
In most of the experiments the superior oblique was first freed as far as the trochlea and the trochlea 
was split with fine scissors to liberate the tendon and to allow the muscle to pull directly on the 
lever. To record the contractions of the superior oblique without the interference of other orbital 
muscles, the frontal sinus was opened and the bony roof of the orbit was removed. The superior 
oblique musele could then be exposed to within about 1-5 om. of its origin without interfering with 
its nerve and blood supply which enter in the lower third of the muscle. The inferior oblique was 
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intact. During the recording the orbit was filled with medicinal liquid paraffin, and the muscle — 


was kept warm with an electric lamp. 
The cervical sympathetic trunk in the cat, and the vago-sympathetic trunk in the dog, was 


exposed in the middle of the neck, divided, and the peripheral end laid on platinum wire electrodes ;_ 


the neck wound was arranged to provide a bath filled with paraffin oil. 

The stimuli were rectangular voltage pulses of approximately 1 msec. duration at a frequency 
of 26/sec. Three volte usually gave a maximal contraction of the nictitating membrane, but, on 
occasion, a maximal response was ensured by increasing the stimulus to 10 V. 

Measurements of the resting potential of the muscle were made by the method described by 
Brown, Goffart & Vianna Dias (1950). 

Adrenaline chloride was injected intravenously in doses of 5—50yg. in a volume of approximately 
2 c.c. of 0-9% sodium chloride solution. 

RESULTS 


In all our experiments stimulation of the cervical sympathetic caused an 
apparent contraction of the superior oblique muscle when the orbital contents 
were intact and only the tendon of the muscle was freed. The contraction was 
small and slow, and it resembled closely in time relations the contraction of 
the nictitating membrane (Fig. 1). A similar, but 
smaller apparent contraction could be recorded 
from the inferior oblique muscle under the same 
conditions. Both muscles responded to intra- 
venous adrenaline in doses of 5-15 yug./kg. 

If the belly of the superior oblique muscle was 
exposed by opening the tubular sheath of con- 
nective tissue in which it lies, the response to 
sympathetic stimulation and to adrenaline was 
reduced almost to vanishing point, although '8-'- Dog, 196 kg. Contraction 


the contraction of the nictitating membrane 


and the dilatation of the pupil appeared to be _ tic, 26/sec., 10 V. Time, 10 sec. 
unimpaired. Removal of the globe and appro- 

priate retraction of the loose tissues, associated with the origin of the nictitating 
membrane, led to a complete disappearance of the apparent contraction of the 
superior oblique. In one experiment, indeed, retraction ventrally of the root of 
the nictitating membrane reversed a small apparent contraction of the superior 
oblique to an apparent relaxation. 

With the inferior oblique, the effect of freeing the muscle was even more 
striking. Removal of the globe and retraction of the orbital tissues led invari- 
ably to a complete disappearance of the contraction. 

These experiments led us to believe that the observed response was not a true 
contraction of the extrinsic eye muscle, but was due to the movement of other, 
smooth muscular, tissues within the orbital cavity. It might be contended, 
however, that the dissection necessary to free the muscle had either divided 
its sympathetic nerves or had so interfered with the blood supply of the muscle 
that it was no longer able to respond. The fact that the response to adrenaline 
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diminished part passu with the response to nerve stimulation might be taken 
as evidence that the blood supply was so reduced after dissection that adrena- 


, line was no longer able even to reach the muscle. We are convinced that this 


argument is not valid, since after dissection both muscles responded vigorously 
to single stimuli applied to their orbital nerve trunks and were able to sustain 
a tetanic contraction when the nerves were excited with repetitive stimuli. 
We sought, however, some more direct evidence that the sympathetic supply 
was intact and that adrenaline could reach the muscle. 
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Fig. 2. Cat, 2-5 kg. Resting potential of superior oblique. At arrow intravenous 
injection of 20 yg. adrenaline. 


Measurements of resting potential. Brown et al. (1950) have shown that 
adrenaline and sympathetic stimulation both cause an increase in the resting 
potential of the cat’s tibialis anterior muscle. It appeared to us that similar 
measurements made on the eye muscle might serve to indicate whether the 
sympathetic supply was intact after dissection of the muscle and whether 
injected adrenaline reached it. It was to be expected, further, that a con- 
traction of either the striated muscle or of smooth muscle intermingled with 
the striated extrinsic ocular muscle would be associated with a diminution of 
the resting potential, yielding, if Bennati & Isola were right, a picture the 
reverse of what we had observed in the tibialis anterior. 

We failed to obtain any convincing effect in either direction with sympathetic 
stimulation. Adrenaline, however, was found to produce an increase in resting 
potential, of the same type and size which we had previously observed (Fig. 2). 
We found the experiment much more difficult to do than in the limb muscles; 
the maximum resting potential we obtained was never more than 15 mV., and 
the instability of base-line was greater. This may account for our failure with | 


_ sympathetic stimulation, since Brown e al. (1950) obtained rather smaller — 


effects with sympathetic stimulation than with adrenaline. 
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_ We are’forced to the conclusion, therefore, that the ‘contraction’ of the 

superior oblique described by Bennati & Isola is due not to a contraction of 
that muscle, but to the contraction of other orbital structures. The superior 
oblique muscle shows it more easily than, for example, the inferior oblique, 
since it is a long muscle with a long tendon, lying in a connective tissue sheath 
very closely related to the origin of the nictitating membrane. 


SUMMARY 


1. The claim of Bennati & Isola that stimulation of the cervical sympathetic 
trunk and administration of adrenaline cause contraction of the superior 
oblique muscle of the eye of the cat and dog has been examined. 

2. The ‘contraction’ disappears if the muscle is freed from its relation to 
other orbital tissues like the nictitating membrane. 

3. The dissected muscle responds- vigorously to somatic motor nerve 
stimulation, and intravenous adrenaline causes an increase in resting potential 
like that which it produces in the limb muscles. 

4. The apparent contraction is due to the traction on the muscle of other 
orbital structures. 

I wish to thank Drs Z, M. Bacq and M. Goffart of Liége with whom some preliminary 
experiments were made. 
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THE EFFECTS OF HISTAMINE AND ANTIHISTAMINES 
| ON THE ASCORBIC ACID CONTENT 
OF RAT’S ADRENAL GLANDS 


By P. A. NASMYTH 


From the Pharmacological Laboratory of the School of 
Pharmacy, University of London 


(Received 14 April 1950) 


An observation indicating a relationship between the effect of histamine and 
the activity of the adrenal cortex was made by Gottesman & Gottesman in 
1928. They showed that the adrenalectomized animal was twenty times more 
sensitive to the drug than the normal. In 1947, direct evidence for this relation- 
ship was produced by Sayers & Sayers, who demonstrated that histamine was 
capable of reducing the adrenal content of ascorbic acid. 

In 1945, Hoskins & Long immersed rats in water at 70° C. for 5 sec. at 
intervals during a period of 12 hr., and observed a fall in the cholesterol content 
of the adrenal glands, which was less marked, if cortical extract or alcoholic 
saline solution had been injected earlier. This finding suggests that burning 


increases the activity of the adrenal cortex. Dekanski (1945) noted that im- 


mersion of mice in water at 60° C. increased the total histamine content of the 
body, and the same author (1947) also recorded an increase in the amount of 
extractable histamine in the skin of anaesthetized cats subjected to the same 
treatment. It is, therefore, possible that the changes in the adrenal cortex 
might be due to the action of histamine released from the burnt skin. 

In these circumstances it seemed possible that a more detailed investigation 
of the effect of histamine on the adrenal cortex might prove to be profitable. 
This has been done by using the fluctuation in the ascorbic acid content of the 
gland as a guide to the activity of the cortex. The evidence in support of such 
a procedure has been summarized in an earlier paper (Nasmyth, 1949). 


METHODS 


Administration of drugs. Litter-mate rats of the Wistar strain were used from Dr K. H. Coward's 
colony, A few animals were of the Hooded strain, and these were very kindly presented by Dr S. K. 
Kon from his colony at the National Institute of Dairying at Shinfield near Reading. Since Rogoff 
& Stewart (1928) have shown that oestrus interferes with cortical hormone requirements, buck 
rats only were used. They all received the full stock diet used in Dr Coward’s colony and were not 
deprived of food or water at any time during the experiment. Litters having at least four bucks 
were chosen, and two or more animals from each litter were used as controls. The test animals 
received @ subcutaneous injection of 15 mg. of histamine acid phosphate per 100 g. body weight, 
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and were killed at intervals of 1}, 3 and 5 hr. respectively. The controls were similarly injected with 
an equal volume of normal saline and were killed at times between those chosen for the test animals. 

The method of removing and extracting the adrenal glands has been described in an earlier paper 
(Nasmyth, 1949). The ascorbic acid was estimated by the method of Roe & Kuether (1943). 

Demedullation of the adrenal glands. Litter-mate male rats of the Wistar strain were taken at 
weaning and the adrenal glands were demedullated using the technique described by Evans in 1936. 

After operation the animals were kept in a room at 28° C. which was thermostatically controlled. 
Upon recovery from the anaesthetic, each animal was given a few drops of 2% glucose solution 
from a teat pipette. They were then maintained on the full stock diet, but received 0-2 % saline in 
place of drinking water. Three to four weeks after operation glands consisting entirely of cortical 
cells had regenerated from the few cells left adhering to the capsule at the time of operation, and 
it was then possible to replace the saline with ordinary drinking water. 

Some of the glands were taken for sectioning, after fixing in Muller’s fluid. The sections were 
stained with Schmérl’s adaptation of Giemsa’s stain, described by Carleton & Leach (1938). 
Examination of the sections showed the glands to consist of cortical cells surrounding a central 
scar tissue, Very occasionally an island consisting of two or three green-staining chromaffine cells 
was observed. This was in accordance with the finding of Evans in 1936. 

Determination of effective doses of antihistamines in the rat. There was no literature available 
concerning the effective doses of benadryl and mepyramine maleate (neoantergan) in the rat. An 
experiment was devised to determine them and the period for which the drugs would be active. 

Large rats of the Wistar strain weighting 245 g. or more were anaesthetized with urethane, and 
the carotid artery and jugular vein cannulated. Heparin, 1 mg./100 g. body weight, was injected 
into the jugular vein. Carotid arterial pressure was then recorded. Doses of 0-009 mg. of histamine 
acid phosphate were injected into the jugular vein and the resultant falls in blood pressure recorded. 
Following this, the antihistamine under test was injected subcutaneously under the skin covering 
the chest, where it was calculated that the respiratory movements would render absorption com- 
parable with that in conscious animals. Further intravenous injections of 0-009 mg. of histamine 
acid phosphate were given every 10 min. until the fall of blood pressure was abolished. Subsequently, 
injections of histamine were given every 30 min. in order to determine the period during which the 
antihistamine under test was effective. 

RESULTS 


Normal rats. One and a half hours after a subcutaneous injection of histamine 
acid phosphate (15 mg./100 g. body weight) there was a fall in the ascorbic acid 
content of the adrenal glands to 62-5 % of the resting level. After 3 hr. the level was 
still low at 65%, but after 5 hr. it had risen to 82-5 % ofthe resting value. Details 
of the results are given in Table 1 and they are depicted graphically in Fig. 4. 

Rats pre-treated with antihistamine. Having established the fact that histamine 
was effective in reducing the ascorbic acid content of the adrenal glands, 
experiments were performed to determine whether or not the effect could be 
blocked with either mepyramine or benadry]. 

In every experiment for determining the effective dose of the antihistamines 
the animal either died or the recording of the blood pressure became unreliable 
before the effect of the drug under test had disappeared. However, the period 
of effectiveness was shown to be at least long enough to cover the time range 
usually employed in the experiments demonstrating the effect of histamine on 
the ascorbic acid content of the adrenal glands. 

Reference to Fig. 1 shows that a subcutaneous injection of 20 mg. of 
benadryl/100 g. body weight was effective in abolishing the fall of blood pressure 
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caused: by an intravenous injection of 0-009 mg. of histamine acid phosphate 
in 30 min., and that the effect persisted for at least 3 hr. 


TaBxE 1. The effect of histamine acid phosphate on the ascorbic acid content 
of the adrenal glands of rats in various conditions 


mepyramine 
100 g. body weight 
maleate/ 
100 g. body weight 
Rats having demedullated 
adrenals 


i 
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Fig. 1. The effect of a subcutaneous injection of 20 mg./100 g. body weight of benadry] in blocking 
the fal] of blood pressure in the rat caused by an intravenous injection of 9 ug. of histamine 
acid phosphate. H =histamine acid phosphate; B = benadryl. 


| Mepyramine. maleate was tried at two dose levels because the dose of 
5 mg./100 g. body weight was shown to affect the ascorbic acid content of the | 
adrenals. The results obtained with the 5 mg. dose are depicted in Fig. 2. It will 


Histamine Time interval | 
dose/100 (injection Vit.Cin Vit. C 
No. of body weight to sacrifice) mg.j/100g. of 
Condition estimations (mg.) (hr.) normal 
Normal 12 — 387493 100 
6 15 1} 243 + 65 62-5 . 
6 15 3 252478 65-0 
6 15 5 319426 82-5 | 
Pre-treated with 20 mg. 8 3184142 100 
benadryl/100 g. body 4 15 1} 234448 73-5 a 
weight 4 15 3 214451 67-5 
2 15 5 278-5 87-5 
6 ai — 449420 100 
100 g. y 4 15 1} 240 + 28 53-5 . 
weight 4 15 3 332489 740 
2 15 4 402 89-5 
Pre-treated with 5 mg. 3 _ — 233 100 
2 15 294 96 
2 15 3 193 83 
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be observed that this drug was effective much more quickly than was benadry], B 
the fall in blood pressure due to histamine having been abolished completely in of hi 
10 min. The tracing also shows that the drug was effective for at least 3 hr. grou 
: 20 min. The effects of a dose of 0-5 mg. of mepyramine maleate/100 g. body of 2 
; weight are seen in Fig. 3. Again the drug was effective in 10 min., but in this wer 
case the fall in blood pressure due to histamine was not converted into a small cute 
of 1 
of a 
5 h 
hist 
anil 

sho 
ben 

Mo! 

| the 

Fig. 2. The effect of a subcutaneous injection of 5 mg./100 g. body weight of mepyramine maleate hig! 

in blocking the fall in blood pressure in the rat caused by an intravenous injection of 9 yg. 1 

ee H =histamine acid phosphate; N—A =neoantergan (mepyramine wel 
). tre: 
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Fig. 3. The difference in the effects produced by subcutaneous injections of 0-5 and 5 mg./100 g. | 

mepyramine maleate in blocking the fall of blood pressure caused by an intravenous injection of 

of 9 yg. histamine acid phosphate. H=histamine acid phosphate. N-—A=neoantergan kil 

(mepyramine maleate). | th 

rise as had been the case with the larger dose of mepyramine maleate and with fer 

benadryl. Consequently, as a point of interest, the dose of mepyramine maleate | th 

was increased after 20 min. to bring it up to the level of 5 mg./100 g. body 
weight. Ten minutes later another intravenous injection of histamine produced 0-! 


a small rise in blood pressure, which was repeatable after a further 10 min. The 
abdomen was then opened and the adrenals excised, after clamping the blood de 
supply to both glands with Spencer-Wells forceps. This procedure occupied CO 
about 4 min. ; histamine was injected twice and a rise in blood pressure resulted as 
in each instance. | ra 
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Benadryl was the first drug to be used in the attempt to antagonize the effect 
of histamine on the ascorbic acid content of the adrenals. Every animal in the 
group, including those to be used as controls, received a subcutaneous injection 
of 20 mg. of benadryl/100 g. body weight. Half an hour later, the test animals 
were injected with histamine as before, and the controls were given a sub- 
cutaneous injection of normal saline. The test animals were killed at intervals 
of 14, 3 and 5 hr. respectively after injection of histamine. At 1} hr. the level 
of ascorbic acid in the glands was 73-5% of normal; at 3 hr. 67-5% and at 
5 hr. 87-56%. At first the figures seemed to indicate some blocking of the 
histamine effect, as they were higher than those obtained in the group of 
animals not pre-treated with benadryl. More careful comparison of the figures 
showed that the control values obtained for the animals pre-treated with 
benadryl were lower than those obtained for control animals not so treated. 
Moreover, the benadryl-treated animals had exhibited marked lethargy during 
the experiment, and it was thought that the dose of benadryl had been too 
high and had caused a slight fall in the adrenal ascorbic acid of the controls. 

The experiment was repeated using a dose of 5 mg. of benadryl/100 g. body 
weight. This time the control figures obtained were higher than those for un- 
treated animals. The fall 14 hr. after the injection of histamine was greater but 
the effect seemed to be a little more transient. 

It would thus appear that benadryl exerts no significant antagonism towards 
this particular action of histamine. © 

Detailed results are given in Table 1, and they are depicted graphically 
in Fig. 4. 

The procedure used for benadryl was repeated for mepyramine maleate. A 
pilot experiment was performed using a dose of 5 mg. mepyramine maleate/100 g. 
body weight. The control value for the ascorbic acid content of the adrenals 
obtained in this experiment was 233 mg./100 g. of gland which suggested that 
the mepyramine maleate itself had reduced it. 

With a larger group of animals, an experiment was performed using a dose 
of 0-5 mg. mepyramine maleate/100 g. body weight. The test animals were 
killed 14 and 3 hr. after the injection of histamine, and the values obtained for 
the adrenal content of ascorbic acid at these times were not significantly dif- 
ferent from those obtained in animals receiving no antihistamine. Even with 
this dose of mepyramine maleate, the control values were low. 

Details of the figures obtained appear in Table 1, and those obtained with 
0-5 mg. dose of mepyramine maleate are expressed graphically in Fig. 4. 

Mepyramine maleate in normal rats. This experiment was performed to 
determine whether mepyramine maleate alone could reduce the ascorbic acid 
concentration in the adrenal glands. The procedure employed was the same 
as that used for the effect of histamine on the adrenal ascorbic acid of normal 
rats except that, instead of histamine, a subcutaneous injection of 5 mg. 
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mepyramine maleate/100 g. body weight was given to the test animals. The test 
animals were killed 1} or 3 hr. after injection and a fall in the level of ascorbic 
acid in the adrenal glands was observed. The effect was not as great as that | 


Tase 2. The effect of mepyramine on the ascorbic acid content of 


the adrenal glands of normal rats 
Dose ee Time interval 
100g. body (injection to Vit. C in 
No. of weight sacrifice) mg./100 g. Vit. C % 
estimations (mg.) (hr.) of normal 
8 402 + 66 100 
4 5 1} 328 + 32 81-5 
2 5 3 341 85 
100 


3 


Adrenal ascorbic acid (percentage of normal) 


60 
40 L i i ij 
0 1 2 3 a 5 
Time in hours 


Fig. 4. The effect of a subcutaneous injection of 15 mg./100 g. body weight of histamine acid phos- 
phate on the ascorbic acid content of the rat’s adrenal glands in various conditions. x xy 


normal; O——-O, pre-treated with benadryl (20 mg./100 g.); @——@, pre-treated with 
benadryl (5 mg./100 g.); A——-, pre-treated with mepyramine maleate (0-5 mg./100 g.); 
©——© rate with demedullated adrenal glands. 


produced by histamine, the level of ascorbic acid in the glands being 81-5°%, of 
normal 1} hr. after injection and 85%, after 3 hr. Details of the results obtained 
are given in Table 2. : 
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Histamine in rats with demedullated adrenals. The procedure adopted for the 
determination of the effect of histamine in normal rats was repeated in rats 
having demedullated adrenal glands. The results indicate that the effect on 
the adrenal ascorbic acid content was not significantly less than it wasin normal - 
rats. Details of the results obtained are shown in Table 1 and represented 
graphically in Fig. 4. 

DISCUSSION 

During these experiments, it was noticed that rats of the Hooded strain gave 
higher values for the level of ascorbic acid in the adrenal glands of the controls 
than did rats of the Wistar strain. The control figure in the group of animals 
used in the determination of the effect of histamine under normal conditions 
was 387 +93 mg. of ascorbic acid/100 g. of gland. The rather high standard 
deviation in this case was due to the use of Wistar and Hooded strains in the 
same group of animals. The controls in the group of animals pre-treated with 
20 mg. of benadryl/100 g. body weight showed an average ascorbic acid level in 
their adrenals of 318 + 142 mg./100 g. of gland. All the animals in this group 
were of the Wistar strain, and the only explanation which can be suggested for 
this very wide standard deviation is that the benadryl had itself reduced the 
amount of ascorbic acid in the adrenal glands of some of the controls. Controls 
pre-treated with mepyramine showed consistently low values which were 
undoubtedly due to the activity of the antihistamine. Considering that the 
weight of the scar tissue in the demedullated glands must have varied quite 
considerably, the control values for the ascorbic acid expressed as the content 
of 100 g. of gland were remarkably consistent. 

The work has confirmed, by a more direct method, the experiments of other 
workers which indicated that histamine caused hyperactivity of the adrenal 
cortex. It is certain that the effect produced by histamine cannot be blocked 
by either benadryl or mepyramine; in fact, mepyramine itself causes a reduction 
in the adrenal content of ascorbic acid. | 

The mechanism by which histamine activates the adrenal cortex remains 
obscure. In 1941, Binet showed that histamine causes a release of adrenaline 
from the adrenal medulla, confirming the suggestion of Dale (1920) and the 
work of Kellaway & Cowell (1922). They demonstrated that histamine caused 
dilatation of the pupil which was abolished by adrenalectomy, and argued that 
it must be due to adrenaline liberated from the adrenal medulla. This might 
explain the rise of blood pressure which was observed when histamine was 
injected into the rats pre-treated with subcutaneous injections of benadryl and 
mepyramine in the foregoing experiments. The failure to abolish the rise when 
the adrenals were excised may have been due to the serious fall in blood pressure 
occasioned by opening the abdomen. Since histamine may cause release of 
adrenaline from the medulla, and since it has been shown by Nasmyth (1949) 
that 0-02 mg. of adrenaline/100 g. body weight produces a greater fall in the 
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adrenal ascorbic acid concentration than does 15 mg. of histamine acid phos- 
phate/100 g. body weight, it was clearly possible that the histamine effect 
might be mediated through the liberation of adrenaline. However, it was in 
fact found that demedullation did not significantly alter the response to 
histamine. The possibility of sympathin release at sympathetic nerve endings 
was not excluded, but there is no evidence that histamine can act directly to 
cause adrenaline liberation at these endings, and Kellaway & Cowell failed to 
obtain dilatation of the pupil with histamine in adrenalectomized animals, 
which suggested that the drug does not stimulate the sympathetic system. 

Further experiments are in progress to show whether histamine is active in 
hypophysectomized animals. | 

SUMMARY 

1. A subcutaneous injection of 15 mg. of histamine acid phosphate/100 g. 
body weight caused a marked fall in the adrenal content of ascorbic acid. 

2. The doses of benadryl and mepyramine required to antagonize the 
hypotensive action of histamine in the rat were determined and the time course 
of the effectiveness of these drugs was measured. 

3. Doses of benadryl and mepyramine, previously shown to be effective in 
preventing the hypotensive action of histamine in the rat, were ineffective in 
antagonizing the effect of histamine acid phosphate on the adrenal content of 
ascorbic acid. | 


4. A subcutaneous injection of 5 mg. of mepyramine maleate/100 g. body 


weight caused a reduction in the adrenal content of ascorbic acid. 
5. Demedullation of the adrenals does not markedly affect the fall in adrenal 
_ ascorbic acid caused by histamine. 


I wish to thank Prof. G. A. H. Buttle and Dr M. Vogt who gave me much kindly advice and 
criticism. The work was done while holding the Allen and Hanbury Research Fellowship. It was 
presented as part of a thesis for the degree of Doctor of Philosophy in the University of London. 
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THE CONTRIBUTION OF AORTIC CHEMOCEPTOR 
MECHANISMS TO THE MAINTENANCE OF 
ARTERIAL BLOOD PRESSURE OF CATS 
AND DOGS AFTER HAEMORRHAGE 


By R. A. KENNEY AND E. NEIL 
From the Department of Physiology, School of Medicine, Leeds 
(Received 4 May 1950) wi 


McDowall (1925) showed that section of the vagi in cats suffering from the 
effects of severe haemorrhage was followed by a fall in arterial blood pressure. 
Comroe (1939) suggested that such a fall in blood pressure could be attributed 
to the interruption of fibres from the aortic body which were likely to be tonically 
excited following bleeding. This suggestion has been investigated by temporarily 
blocking the vagi with cold; the response of the arterial blood pressure to such 
interruption of vagal impulses was elicited before and after selective elimination 
of the aortic chemoceptors by acetic acid (Gernandt, 1946). A short summary 
of the findings has been previously published (Coleridge, Kenney & Neil, 1949). 


METHODS 


Three dogs and eighteen cats were used. They were anaesthetized with chloralose (0-1 g./kg. body 
weight intravenously) or with sodium pentobarbital (35 mg./kg. body weight intraperitoneally). 
A T-tube was tied in the trachea; respiration was recorded from a tambour which indicated intra- 
tracheal pressure changes. One femoral artery was used to record arterial blood pressure ; the other 
was cannulated for bleeding purposes. Animals were bled in stages until the arterial blood pressure 
reached a steady value between 40 and 70 mm. Hg. The vagi were isolated in the neck and were 
blocked either by cold thermodes (effective temperature 1-3° C.) or by the technique described by 
Bjurstedt (1946). The right common carotid artery was isolated and cannulation of the left ventricle 
or of the first part of the ascending arch of the aorta effected. The cannula was filled with saline 
solution containing heparin. Intraventricular injections of lobeline sulphate (0-3 mg. in 1 ml. 
heparin-saline) were made to excite the aortic chemoveptors (Comroe, 1939). Injection of 0-3 ml. 
of 0-5 n-acetic acid to inactivate the aortic chemoceptors (Gernandt, 1946) was made through the 
same cannula. The efficacy of such inactivation was checked by observing the respiratory response 
to intraventricular injection of lobeline after acetic acid injection. The effect of blocking the vagi 
by means of a low temperature was studied prior to and following selective inactivation of the aortic 
chemoceptors. All animals were given heparin, 5 mg./kg. body weight. 
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RESULTS 


Blocking the vagi, in normal circumstances, causes a rise of arterial blood 
pressure. This is mainly due to interruption of the baroceptor fibres from the 
aortic arch. Tonically activated at any pressure above 65-80 mm. Hg (Koch, 
1931), aortic baroceptors exert a reflex inhibition of vasomotor discharge when 
perfused by blood at a normal arterial pressure of 120-140 mm. Hg. 

By repeated bleeding the arterial blood pressure may be lowered to a steady 
value near to that of the baroceptor threshold, and interruption of the baro- 
ceptor fibres themselves now exerts a negligible effect on the blood pressure. 
It is in such circumstances that blocking of the vagi may cause a fall of arterial 
blood pressure. Fig. 1 shows the complete results of one experiment. 

The cat had previously suffered a blood-loss of 70 ml. in three stages. The 
effect of vagal block was a fall of blood pressure; the pressure returned to its 
previous level following removal of the block. Immediately following this, 
0-3 mg. lobeline was injected intraventricularly and caused an augmentation 
of respiration due to aortic chemoceptor excitation (Comroe, 1939). When 
0-3 ml. of 0-5 N-acetic acid was then injected the lack of response to a sub- 
sequent injection of lobeline was proof of the inactivation of the aortic chemo- 
ceptors. Blocking the vagi now caused no fall of arterial blood pressure. In 
this experiment no change of blood. pressure attended the subsequent section 
of the vagus nerves. 

Control experiments were performed in which acetic acid was given in 
similar doses via cannulae placed in the right atrium or in the transverse part 
of the aortic arch. In no part of the vascular tree other than the left ventricle 
or the ascending aorta did such injections of acetic acid modify the response of 
the arterial blood pressure to vagal cooling. It would appear, therefore, that 
the abolition of the blood pressure response to vagal block is indeed due to 
selective inactivation of the aortic chemoceptors. 

By varying the oxygen content of the inspired air, it was possible to modify 
the effects caused by temporary vagal blocking on the arterial blood pressure 
in bled animals. Fig. 2 (A and B) shows the results of vagal block in a dog (bled 
500 ml.) first breathing air and subsequently breathing oxygen. It is clear that 
a greater fall of blood pressure occurred during vagal block whilst the animal 
was breathing air. 

Experiments were also performed using the carotid sinus nerves in animals 
suffering from the effects of haemorrhage. The sinus nerve trunk contains only 
two types of fibre; baroceptor fibres, which exert a purely inhibitory action on 
vasomotor discharge, and chemoceptor fibres which exert an excitatory effect 
on the vasomotor centre in the cat (Comroe, 1939; Neil, Redwood & Schweitzer, 
1949). Section of the carotid sinus nerves in cats which had been previously 
bled invariably caused a fall of arterial blood pressure. This fall of blood pressure 
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ct Fig. 1. Cat, 38 kg. Nembutal anaesthesia. Animal previously bled 70 ml. in three stages. Records 
A, B and C were obtained consecutively. Records from above downwards; respiration. blood 
pressure, signal marker and time in 5 sec. intervals. A shows the effect of vagal block. B shows 
ly the response to intraventricular injection of 0-8 mg. lobeline before and after intraventricular 
re injection of 0-3 ml. of 0-5 x-acetic acid. C shows a lack of response to vagal block. 
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Vagi cooled 


Breathing oxyget 


Fig. 2. Dog, 11-7 kg. Chioralose anaesthesia. Records show arterial blood pressure, signal marker 


and time in 5 sec. intervals. A and B show the effects of cold-blocking the vagi during in- 
spiration of air and oxygen respectively. 
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Fig. 3. Cat, 3-1 kg. Chloralose anaesthesia. Both vagi out. Previously bled 45 ml. Records from 
above downwards as in Fig. 1. The effects of successive section of the right and left sinus 
nerves are shown, 
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was more notable if the vagi had previously been cut. In most cases there was 
a concomitant failure of respiration. However, in the experiment shown in 
Fig. 3, respiration did not immediately fail; nevertheless, the blood pressure 
- fell immediately after section of the sinus nerves and did not recover. 


DISCUSSION 


The results of the present investigation suggest that the fall of arterial blood 
pressure caused by interruption of vagal impulses in cats and dogs which had 
suffered haemorrhage is essentially due to the withdrawal of aortic chemoceptor 
impulses. Thus selective inactivation of aortic chemoceptor cells by local 
injection of acetic acid abolished the fall of blood pressure formerly occasioned 
by vagal block. 

The major difficulty encountered in these experiments was regular elicitation 
of the fall of arterial blood pressure by vagal blocking. Three types of results 
may follow temporary interruption of vagal impulses in animals suffering from 
haemorrhage: 

(1) A rise of arterial blood pressure. This most commonly occurs when the 
initial blood pressure exceeds that of the baroceptor threshold (65-80 mm. Hg). 

(2) Little primary change in the blood pressure, but respiratory apnoea 
which may lead to death if permitted to continue. 

(3) A fall of blood pressure, with slowing of the breathing; these effects are 
reversed on removal of the vagal block. 

Only (3) represents the phenomenon described by McDowall. 

This variability of response may most likely be attributed to the multiplicity 
of the fibre components of the vagi, and to the state of viability of the vasomotor 
centre itself, which may be rendered irresponsive to reflex stimuli by direct 
depression. 

McDowall (1925) suggested that the fall of blood pressure caused by vagal 
section in bled animals was due to the interruption of afferent impulses from 
vagal nerve endings in the right atrium. These were supposed to be activated 
by a fall in right atrial pressure caused by haemorrhage. The present experi- 
ments do not directly disprove McDowall’s claims. 

Inactivation of aortic chemoceptors achieved by intra-aortic injection of 
acetic acid is known to be selective (Gernandt, 1946), since injection of acetic 
acid into other parts of the circulation does not influence the blood-pressure 
response to vagal blocking. | 

Section of the carotid sinus nerves invariably caused a fall of blood pressure 
after haemorrhage of sufficient degree to lower the initial level of arterial blood 
pressure to 70 mm. These experiments provide clear-cut evidence of the 
excitatory influence of carotid chemoceptors on vasomotor discharge. Arguing 


by analogy it seems likely that the aortic chemoceptors fulfil a similar role. 
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Vagal blocking in animals suffering from haemorrhage caused a greater fall 
of blood pressure if the animals were breathing room air than if they were 
breathing pure oxygen. Gernandt (1946) has shown that aortic chemoceptor 
fibres discharge tonically in anaesthetized cats breathing room air; this rate of 
chemoceptor discharge was reduced by raising the partial pressure of oxygen 
in the inspired air. These results of Gernandt show that the factors affecting 
aortic chemoceptor discharge are similar to those which influence carotid 
chemoceptor firing (von Euler, Liljestrand & Zotterman, 1939). In the present 
experiments there can therefore be little doubt that aortic chemoceptor dis- 
charge occurs tonically in animals breathing room air; indeed it is likely that 
such discharge is greater than normal in view of the reduction of cardiac output 
and fall in blood pressure and in haemoglobin content of the blood. These factors 
all cause a greater degree of hypoxia in the chemoceptor regions. When the 
animals inspire pure oxygen, however, such discharge must be notably lessened. 

It seems probable that the difference in the results of vagal blocking in animals 
breathing air and in animals breathing oxygen may be ascribed to the increased 
tonic aortic chemoceptor discharge which occurs in the animals breathing air. 


SUMMARY 


1. In cats and dogs suffering from the effect of severe haemorrhage a fall 
of arterial blood pressure may ensue upon temporary interruption of vagal 
impulses by the cold-block technique. 

2. In such circumstances, selective inactivation of the aortic chemoceptors 
by intraventricular or intra-aortic injection of acetic acid abolishes the effect 
of vagal blocking upon the blood pressure. 

3. The fall of blood pressure caused by vagal blocking in bled animals is 


is reduced by increasing the partial pressure of oxygen in the inspired 


oe Section of the sinus nerves in animals depleted by haemorrhage caused 
@ fall of arterial blood pressure due to interruption of carotid chemoceptor 


impulses. 
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THE TRANSFER OF NON-ELECTROLYTES 
ACROSS THE BLOOD-AQUEOUS BARRIER 


By E. J. ROSS 


From the Ophthalmological Research Unit, Medical Research Council, 
Institute of Ophthalmology, London, W.C. 1 


(Received 5 May 1950) 


The complex membranes which constitute the blood-aqueous and blood- 
vitreous barriers separating the blood from the intra-ocular fluids, like those 
between the blood and the fluids bathing the brain and spinal cord (the blood- 
brain barrier), differ fundamentally from those interposed between the blood 
and the extra-vascular fluids elsewhere in the body. This is exemplified first 
by the low limit imposed upon the size of molecules which can pass into the 
anterior chamber, so that the aqueous humour is practically a protein-free 
fluid, and secondly by its selective permeability in that the barrier is not freely 
permeable to the diffusible electrolytes and non-electrolytes of the blood so 
that there is a delay in attainment of equilibrium, the magnitude of which is 
characteristic of each individual compound. 

Quantitative studies of the permeability of the blood-aqueous barrier to 
non-electrolytes have been reported for comparatively few substances, viz. 
certain sugars (Kinsey & Grant, 1942; Davson & Duke-Elder, 1948; Harris & 
Gehrsitz, 1949); urea (Moore, Scheie & Adler, 1942; Kinsey & Grant, 1942; 
Davson, Duke-Elder, Maurice, Ross & Woodin, 1949; Ross, 1949); ethyl alcohol 
(Palm, 1947); glycerol and creatinine (Davson, Duke-Elder, Maurice, Ross & 
Woodin, 1949) and certain sulphonamides (Davson, 1949). A comparison of 
the rates of penetration found for these substances shows that, whilst ethyl 
alcohol rapidly enters the eye, considerable resistance is offered to the penetra- 
tion of the less lipoid-soluble non-electrolytes such as urea, glycerol and the 
sugars, and suggests that lipoid solubility plays a much more important part 
in determining their rate of penetration than does molecular size. In the present 
paper the rates of penetration from the blood into the anterior chamber of 
a number of non-electrolytes, covering a wide range of lipoid solubility, have 
been determined so as to procure further information concerning the mode of 
formation of the intra-ocular fluids. 
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METHODS 


General. The technique followed was essentially the same as that employed in the quantitative 
studies previously reported from this laboratory (Davson & Duke-Elder, 1948). Rabbits were used 
as the test animals and were selected so that their weights were approximately equal (2-0—2-2 kg.) 
after it had been found that the size of the eye has an important influence upon the rate of penetra. 
tion. Except in the case of the most rapidly penetrating substances (ethyl alcohol and propy!| 
thiourea) they were not under general anaesthesia. The renal arteries were not ligatured. The test 
substance, in isotonic solution, was injected into the marginal vein of the ear, and the blood level! 
was maintained constant by further injections at 5 min. intervals. Blood samples were taken from 
the ear at 10 min. intervals to check the constancy of the concentration. The aqueous humour 
was removed at the requisite time intervals by means of a hypodermic needle inserted at the 
limbus, under holocaine anaesthesia; it was tested for protein and if this was present the experi- 
ment was rejected. All concentrations were calculated as mg./100 g. H,O. The plasma was dialysed 
against normal saline containing a similar concentration of test substance to estimate the amount 
bound to protein, employing the dialysis chamber described by Davson, Duke-Elder & Maurice 
(19494), and a correction made for the non-diffusible fraction. . 

Analysis. Urea and ethyl alcohol were estimated by the microdiffusion method of Conway 
(1947), thiourea and derivatives by the method of Nicholes & Herrin (1941) as amended by 
Chesley (1944) on tungstic acid filtrates buffered at pH 6-0, employing a Spekker absorptiometer 
with a 580 my. filter and running a standard solution with each set of determinations. 


RESULTS 


The rate of penetration of the test substance has been assessed by determining 
the rate of accumulation of this substance in the aqueous humour when its 
concentration in the blood is maintained constant, over a convenient time 
interval, at a level considerably higher than that of the aqueous humour. 

A permeability constant K’, proportional to the rate of penetration into the 
aqueous has been calculated for each substance following the treatment fully 
set out in the paper by Davson, Duke-Elder, Maurice, Ross & Woodin (1949) 
such that 

log rCp- C4, (1) 


where Cp is the mean concentration of test substance in the plasma water, 
C440 is the initial concentration in the aqueous and C,, the final concentration 
after time ¢, r is the equilibrium ratio C,/Cp. Kinsey & Grant (1942), Palm 
(1947) and other workers employ the term ‘half-life’ (¢,) as a measure of the 
rate of penetration; this is the time interval between the introduction of the 
substance into the blood (when the aqueous humour concentration is nil) and 
the attainment in the aqueous humour of half the final equilibrium ratio, the 
plasma concentration being maintained constant. For convenience of com- 
parison both these parameters have been calculated and are indicated in Table 1. 

In Fig. 1 the changes in the distribution ratio of the test substance between 
the plasma water and the aqueous humour are plotted against time after 
introduction into the blood. It will be observed that substances with a slow 
rate of penetration reach, after 24 hr., an equilibrium ratio which is below 
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unity, but with increasing rapidity of penetration the aqueous humour con- 
centration approaches, and finally attains, a value equal to that in the plasma 
water after due allowance has been made for the amount bound to protein 
(Table 1). This finding is consonant with the hypothesis of a continuous 


flow. 
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Fig. 1. Rate of penetration of various non-electrolytes across the blood-aqueous barrier. Ordinate 
C 4_/C p, distribution ratio of the test substance between the aqueous humour and the plasma 
water when the concentration of the latter is maintained constant (=100%). Abscissa t, 
time in min. 


Tasie 1. The rates of penetration of various non-electrolytes into the aqueous humour and the 
final distribution ratio between the aqueous humour and the plasma water. (Rabbits) 


Equilibrium ratio 

Permeability constant Half-life after 24 hr. 

Substance K’, x 100 (min.) 
Urea 13-9+1-5 (12) 130 0-75 
Thiourea 58-7 +3-0 (20) 46 0-95 
Methyl thiourea 61-242-8 (12) 41 0-95 
Ethyl! thiourea 79-8 + 1-9 (12) 21 1-0 
N- 1 thiourea 116-6 + 2-4 (10) 16 1-0 
Ethyl 150-44 2-5 (16) 12 10 


The relationship between the permeability constant (K’, x 100) of the test 
substance and its lipoid solubility is shown in Table 2. Lipoid solubility is 
expressed in terms of the ether/water partition coefficient rather than in terms 
of oil/water solubility, chiefly because Collander & Barlund (1933) found that 


TABLE 2. The rates of penetration of various non-electrolytes into the aqueous humour (expressed 
as the permeability constant K% x 100 and half-life 4) and their ether/water partition 
coefficients (Et,0/H,O). (Rabbits) 


Substance K’, x 100 t Et,0/H,0 
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Thiourea 58-7 46 0-0072 % 
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Ethyl thiourea 79-8 21 0-044 
thiourea 116-6 16 0-39 4 
ow Ethyl! alcohol 150-4 12 1-9 
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the permeability of the plant cell Chara to the numerous substances they tested 
followed the ether/water partition more closely than that of oil/water or oil- 


150 Ethyl afeoho! 
140 
130 
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@ N-propyl thiourea 
8 
90 
80 }- @ Ethyl thiourea 
70 
= 60 © Methy! thiourea 
50 Thiourea 
30 © Glucose 
@ Urea 
10 Sucrose 
10° 10° 10° 10° 10° 10° 


Ether/water partition coefficient 
Fig. 2. Permeability of the blood-aqueous barrier to various non-electrolytes. Ordinate, rate of 


penetration into the anterior chamber expressed as the permeability constant K’, x 100; 
abscissa, lipoid solubility expressed as the ether/water partition coefficient. 


1300 
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Ether/water partition coefficient 


Fig. 3. Permeability of the blood-aqueous barrier to various non-electrolytes. Ordinate, rate of 


penetration expressed as the parameter PMt (P= K’, x 100, M=mol. wt.); abscissa, ether/ 
water partition coefficient. 


fatty acid/water; it is also easier to determine. A close relationship will be 
seen to exist between the lipoid solubility of the test substance and its perme- 
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ability as expressed by the parameter K’, (Fig. 2). Danielli (Davson & 
Danielli, 1943), from a theoretical study of the details of the mechanism of 
diffusion across the cell membrane, concluded that the term PM? should be 
plotted against partition coefficient in preference to the simple permeability 
constant P(M=mol. wt.). When this treatment is followed (Fig. 3) the low 
molecular weight of ethyl alcohol results in a lower value of PM* than would 
be expected from a comparison with the other non-electrolytes in the series. 
Reference to the form of the curves obtained for the rate of penetration 
shows that they depart from the curve calculated by applying Fick’s law as 
in equation (2): 
K (Cp-C,,). (2) 
The application of Fick’s law in this manner to diffusion across a membrane 
assumes that the whole of the obstacle to penetration occurs at the barrier, 


100 -— A —100 
80 — 80 
70 + aa 70 
60 60 
sob 
F +0” 
30 30 
20 
10 
0 10 20 30 40 50 0 10 20 30 40 50 60 70 80 90 100 


Fig. 4. The distribution of ethyl alcohol and of thiourea between the aqueous humour and the 
distribution caloulatd scoording to permeability equation (0, (curve A), 
r =radius of cell. dh abscissa ¢, time in min. 


and that the solute is removed from the aqueous humour side of the barrier 
instantaneously, so that the concentration throughout the aqueous humour at 
any moment is uniform. Such a condition is unlikely to exist in practice, 
since the rate of mixing of the aqueous humour compared with the rate of entry 
is not sufficiently rapid to prevent the accumulation of solute at the barrier. 
Passing to the other extreme, Hill (1928), among others, has applied Fick’s 
equation to the rate of penetration into a cylindrical cell in a special case in 
which the permeability of the wall was infinite and the whole delay in diffusion 
oceurs in the cell interior. These two approaches to the problem have been 
discussed by Collander & Barlund (1933) and by Palm (1947). Conditions 
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within the eye will lie between these two extremes, and in Fig. 4 the curves 
obtained from equation (2) and Hill’s equation, equated at an aqueous/plasma 
distribution ratio of 0-5, are plotted together with the experimentally deter- 
mined curves for a slowly penetrating and a rapidly penetrating substance. 
The curve for ethyl alcohol falls between the two theoretical curves during the 
initial period of penetration and then follows Hill’s curve very closely. In the 
case of thiourea, this substance initially enters the eye more rapidly than the 
requirements of Hill’s equation demand, but later the rate is slower than that 
of either equation: this discrepancy may be due to loss of thiourea from the 
anterior chamber by drainage, its rate of entry being slower than its drainage 
rate. Neither of the above methods of treatment takes into account loss by 


drainage. 
DISCUSSION 


The experimental results described above again emphasize that the perme- 
ability of the blood-aqueous barrier is highly selective and that each constituent 
of the blood enters the aqueous humour at its own characteristic rate. The 


significance of the role played by the physico-chemical properties of the test — 


compound (molecular size, lipoid solubility and chemical structure) in deter- 
mining the magnitude of this rate can be clearly demonstrated. Reference 
to Fig. 2 shows that the rate of penetration increases proportionately to the 
logarithm of the ether/water distribution coefficient over the whole range of 
solubilities from 0-0001 to 1-9 and parallels the results of Collander & Barlund 
(1933) for the penetration of non-electrolytes into the plant cell Chara. Water 
(as D,O) enters the eye with extreme rapidity; it has a half-life of 2-7 min. 
equivalent to a value of K’, x 100 of about 600 (Kinsey, Grant & Cogan, 1942). 
Previous emphasis on the importance of the influence of lipoid solubility upon 
the rate of penetration has been made by Palm (1947), who found that ethy! 
alcohol penetrated rapidly at a rate which was about one-third of that of 
water (t,;=8—12 min.). Recently, Davson (1949) has employed some of the 
sulphonamides in an attempt to correlate the rate of penetration with lipoid 
solubility; he found that they possessed high rates of penetration although 
these did not bear a direct relationship to the ether/water partition coefficients. 
These compounds are unsatisfactory test substances for comparison with other 


non-electrolytes inasmuch as they dissociate at physiological pH; the two, 


which are least dissociated, sulphapyridine (3-4% dissociated) and sulphanil- 
amide (03% dissociated) with ether/water partition coefficients of 0-4 and 
0-18 had values of K’, x 100 of 100 and 96 respectively, figures which agree 
well with those found for substances of similar lipoid solubility studied in the 
present investigation. 

In the case of the sugars, the hexoses glucose and galactose and the pentose 
xylose are anomalous in that they are highly lipoid-insoluble (their ether/water 
coefficient is less than 0-0001) and yet they exhibit penetration rates which are 
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far in excess of other substances of that order of lipoid solubility, e.g. sucrose: 
thus K’, x 100 for glucose = 34, for sucrose = 4-7 (Davson & Duke-Elder, 1948). 
Davson & Duke-Elder suggest that cell membranes are specialized to permit 
the rapid penetration of certain metabolically important substances; it may 
be that these sugars undergo chemical change during their passage across the 
membrane so that their lipoid solubility is greatly increased; in this connexion 
it may be noted that 3-methyl glucose, which Davson & Duke-Elder quote as 
not being phosphorylated in vivo, enters the eye at the same rate as glucose, 
so that the chemical change is probably not a simple phosphorylation. 

The effect of molecular size is much less clearly defined. The limiting mole- 
cular size of the blood-aqueous barrier for lipoid-insoluble substances cor- 
responds with that of the trisaccharide raffinose of molecular weight = 504 
(Weld, Feindel & Davson, 1942). Substances with a molecular size which 
approaches this limit penetrate slowly, e.g. sucrose (mol. wt. =342, K’, x 100= 
4-7) or penicillin G (mol. wt.=256, K’, x 100=3-8; Langham, 1950), but in 
the case of substances with small molecules their molecular size appears to 
have little effect upon the rates of penetration; thus compare the following: © 


Mol. wt. K’%, x 100 


Ethyl alcohol (rabbit) 46 150 
Urea (rabbit) 60 13-9 
Thiourea (rabbit) 76 

Creatinine (cat) 113 13 
Glucose (cat) 180 32 


Previous quantitative studies (Davson, Duke-Elder, Maurice, Ross & Woodin, 
1949) suggested that the blood-aqueous barrier possessed a selectivity capable 
of discrimination not only on a basis of molecular size but also on the basis of 
chemical structure. The nitrogenous compounds urea, creatinine, glycine and 
alanine, for example, penetrate into the cat’s aqueous at similar rates: 


Mol. wt. K’, x 100 
Urea 60 140 
Creatinine 113 129 
Glycine 15 
Alanine 89 13-3 


Chemical groupings per se, however, probably play little part in determining 
the rate of penetration except in so far as they affect the lipoid solubility of the 
compound. In the homologous series of mono-substituted thiourea derivatives 
studied in the present investigation the rate of penetration increases part passu 
with increase in lipoid solubility; if the presence of certain chemical groupings 
(e.g. NH, C=8) were the determining factor the rates of penetration of all 
members of a homologous series would be expected to be of a similar order of 
magnitude. 

It follows from this discussion of the physico-chemical factors influencing 
permeability that simple diffusion from the blood to the aqueous humour 
through water-filled pores cannot form the basis of a theory of penetration 
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across the blood-aqueous barrier. As has been inferred from previous quanti- 
tative studies (Davson, Duke-Elder & Maurice, 19496; Davson, Duke-Elder 
& Woodin, 1949; Davson, 1949) the extreme degree of selectivity exhibited by 
the barrier indicates that penetration must take place through the cell mem- 
brane itself. In the case of non-electrolytes, the well-marked selective perme- 
ability of the blood-aqueous barrier of the cat and rabbit can be ascribed largely 
to the selective affinity of the membranes of the cells constituting the barrier 
for lipoid-soluble substances, with the result that such compounds find it 
easier to diffuse through the cell membrane than through the water-filled pores 
between the cells. The restricted porosity of the barrier is shown by the 
difficulty experienced by the more lipoid-insoluble substances in entering the 
anterior chamber even though, like urea, they have a small molecular volume. 
The monosaccharides provide an exception to this generalization; to explain 
their relative ease of entry recourse must be made at present to ‘special 
mechanisms’. 

The mode of entry is probably similar in the cat and the rabbit. Comparable 
permeability constants are found in the two animals, thus K’, x 100 for urea 
= 14-0 in the cat and 13-9 in the rabbit; Davson (1949) found a similar cor- 
respondence between the rates of penetration of sulphonamides in the two 
animals. Furthermore, the equilibrium ratio for urea is almost identical 
cat =0-76; rabbit =0-75; Ross, 1949). 

y, it is interesting to note that the rate of penetration of thiourea in 
a series of rabbits with an average weight of 2-0 kg. was much faster than that 
found in a series of large rabbits with an average weight of 3-1 kg. An area-to- 
volume relationship enters into the equation (3) 


Cp— C 4.0 1 

ift log Cp-Cy, 9-303 kA/V=K,, (3) 
from which the permeability constant (equation 1) is derived (A =area of 
barrier, V=volume of aqueous humour). Assuming that V is directly pro- 
portional to the weight of the animal, the ratio A/V is proportional to V#/V=V-+ 
and, therefore, the values of K’, in the two series of animals should be in 
the ratio small/large =(3-1/2-0)t=1-16: the value found experimentally was 
1-4. To obtain comparable permeability constants animals of equal weight 
should be selected when undertaking permeability studies on the blood-aqueous 
barrier. | 

SUMMARY 

1. Quantitative studies have been made of the permeability of the blood- 
aqueous barrier in rabbits to urea, to a homologous series of mono-substituted 
thiourea derivatives and to ethyl alcohol in order to ascertain the part played 
by the physico-chemical properties of non-electrolytes in determining the 
Magnitude of their rate of penetration into the eye. 
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2. The rates of penetration of these substances bear a direct relationship to 
their lipoid solubility as expressed by the ether/water partition coefficient. 

3. No relationship was found to exist between the rate of penetration and 
the molecular volume of the test substance. 

4. Chemical structure had no influence on penetration rate except inasmuch 
as it affects the lipoid solubility of the compound. 

5. It is suggested that the selective permeability of the blood-aqueous 
barrier to non-electrolytes results from the selective affinity of the membranes 
of the barrier for lipoid-soluble substances, so that these substances find it 
easier to penetrate through the cells than through water-filled pores of limited 
size between the cells. 

6. The monosaccharides offer an important exception to this generalization 
and no explanation is offered at present for their preferential rate of entry into 


the eye. 


Iam greatly indebted to Sir Stewart Duke-Elder, Dr Hugh Davson, Dr M. E. Langham and 
Mr D. M. Maurice for their interest, assistance and criticism. 
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THE EFFECT OF POSTERIOR PITUITARY EXTRACTS 
ON THE RENAL EXCRETION OF SODIUM 
AND CHLORIDE IN MAN 


By T. M. CHALMERS, A. A. G. LEWIS* anv G. L. 8. PAWAN 


From the Departments of Medicine and Pharmacology, 
The Middlesex Hospital Medical School, London 


(Received 15 May 1950) 


Pituitary (posterior lobe) extract was shown by Starling & Verney (1925) to 
increase the absolute output of chloride in the isolated heart-lung-kidney 
preparation. 

Many workers have reported that posterior pituitary extracts increase the 
output of chloride in rats. According to Corey & Britten (1941) whole lobe 
extracts also increase the output of sodium. Heller & Stephenson (1950) found 
that chloride excretion was increased by ‘Pitocin’ and ‘Pituitrin’ but reduced 
- by ‘Pitressin’. Sodium excretion was also reduced by ‘Pitressin’, but un- 
changed or slightly increased after ‘Pitocin’ and ‘Pituitrin’. 

In dogs, conflicting results have been reported. Shannon (1942) found that, 
in dogs with diabetes insipidus, posterior lobe extract increased sodium and 
chloride output without changing the glomerular filtration rate. O’Connor 
(1948) believes that the only effect on the kidney of the active principle of the 
posterior lobe, in amounts ordinarily liberated during life, is to stimulate 
reabsorption of water by the tubules. 

Few experiments have been done in man. Smith & Mackay (1936), in a 
24 hr. balance study, found an increased sodium and chloride output after 
“Pitressin’. Little, Wallace, Whatley & Anderson (1947) reported that large 
intramuscular doses (10 units) of ‘ Pitressin’ inhibited the tubular reabsorption 
of chloride. Thorn & Stein (1941) found that ‘Pitressin’ therapy decreased the 
excretion of sodium and chloride in a patient with diabetes insipidus. After 
further work Thorn (1949) reported that small doses of ‘Pitressin’ tended to 
increase sodium chloride excretion in normal subjects but ‘only for a short 
period of time and as long as urine output is not drastically reduced’. 

_ Our aim was to study in normal man the effect on the urinary output of 
_ sodium and chloride of posterior pituitary extracts given intravenously in 
* Berkeley Fellow, The Middlesex Hospital. 
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_ physiological doses. We believe that the doses we have used fall within the 
physiological range, for we have found responses of the same order to result 
from stimulation of the neuro-hypophysis in man (Chalmers & Lewis, 1950). 


METHODS 


Observations on forty-two healthy subjects are reported. Their ages ranged from 16 to 40 years. 
All but one were males. We relied on voluntary micturition, rejecting those whose bladder control 
seemed unsatisfactory. After drinking a litre of water in 10-15 min., the subject emptied his blad- 
der at 10 min. intervals, the water load being maintained by drinking as much as was passed each 
time. When diuresis was fully established, a dose of posterior lobe extract was given intravenously ; 
the injection was completed in less than half a minute. Sodium and chloride estimations were done 
on at least two consecutive urine samples before injection and two after, omitting the first specimen 
passed after injection. 

The preparations used were ‘ Pitressin’ and ‘ Pitocin’ (Parke Davis) and pituitary (posterior lobe) 
extract (B.D.H.). The strength of the B.D.H. extract is expressed in oxytocic units; 100 mv. was 
equivalent to 20 mv. of ‘Pitressin’ in anti-diuretic potency. 

Chloride. The concentrations were estimated by the Volhard-Harvey method using aliquots of 
_ 1 ml. and a microburette. The end-point was made sharper by diluting with 1 or 2 ml. of distilled 
water. 

Sodium. The method described by Albanese & Lein (1948) was adopted. Sodium is precipitated 
as sodium zinc uranyl acetate which is washed once with alcohol and dissolved in water. The colour 
intensity was measured with a Spekker absorptiometer using an Ilford violet filter (601). Recoveries 
of added sodium, serial dilutions of concentrated urines and multiple determinations of the sodium 
content of urines of different concentration showed that the method is more reliable and more 
consistegt when the aliquots were chosen so that the final reading of the instrument lies between 
0-100 and 0-200. Stronger urines were therefore diluted with an equal volume of water and double 
aliquots are taken of weaker ones. Two hours must be allowed for complete precipitation of the 
triple salt. The final solution must be centrifuged for 10 min. at 3000 r.p.m. 

In each case the results are expressed in m.equiv. of the ion excreted per minute. 


RESULTS 


Tables 1-3 set out the effects of posterior lobe extract and its fractions on 
sodium and chloride output. ‘Pitocin’ (Table 2) in doses of 50-200 mu., had 
little anti-diuretic effect; changes in sodium and chloride excretion were 
small and inconstant. ‘Pitressin’ and whole extract reduced the rate of urine 
flow to low levels, and tended to restrict the output of sodium. Chloride output 
also fell in some cases (Tables 1 and 3). . 

When the bladder is emptied voluntarily there tends to be an error in the 
measurement of urine flow due to incomplete emptying. This error is obviously 
greater at low rates of flow. But if it be assumed that the volume of residual 
urine is the same in each period (remembering that erratic bladder emptiers 
were eliminated), the error is small when urinary concentrations of sodium and 
chloride are not changing rapidly. For this reason we measured the mean 
excretion rate over at least two consecutive 10 min. periods after injection, 
omitting the first post-injection period when urine flow was actually falling. 
We also designed experiments in which there was a single urine collection 
period of 30-60 min. after the injection of ‘ Pitressin’, some of the subjects not 
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Dose (mv.) 
(1) 100 
100 


100 
(4) 100 
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Taste l. Effect of ‘Pitressin’ on sodium and chloride excretion 


(Figures in parentheses in Tables 1-4 indicate subjects on whom repeated observations were made. 
In Tables 1-8 the sodium and chloride figures are the means of at least two consecutive 10 min. 
periods before and two after injection.) 


Urine flow (ml./min.) Chloride (m.equiv./min.) Sodium (m.equiv./ 


Taasiz 2. Effect of ‘Pitocin’ on sodium and chloride excretion. 


Urine flow (ml./min.) Chloride (m.equiv./min.) Sodium (m.equiv. /min.) 


9-2 


TaB_E 3. Effect of pituitary (posterior lobe) extract (B.D.H.) on sodium and chloride excretion 
Urine flow w (ml. /min.) Chloride (m.equiv. /min.) Sodium (m.equiv. /min.) 


bei 
th 
(In 
| Dose (mv.) Before After 
(1) 20 13-0 0-13 0-08 0-33 0-06 
20 9-0 0-17 0-18 0-23 0-13 
i (2) 20 14-2 0-23 0-18 0-28 0-18 
(1) 20 141 0-21 0-21 0-24 0-21 
| (1) 20 10-5 0-23 0-19 0-25 0-22 
50 15-2 0-29 0-31 0-36 0-26 
. 50 17-0 0-43 0-33 0-52 0-41 
(3) 100 11-7 0-34 0-36 0-46 0-24 
(4) 100 17-0 0-31 0-20 0-29 0-23 
; 100 15-6 0-36 0-33 0-37 0-25 
| 100 15-8 0-21 0-14 0-30 0-15 
100 14-2 0-36 0-17 0-49 0-19 
100 13-3 0-21 0-15 0-23 0-15 
| 100 9-3 0-23 0-20 0-26 0-25 
100 14-5 0-26 0-30 0-27 0-28 
| 100 14-6 0-14 O17 0-22 0-18 
100 16-2 0-40 0-37 0-66 0-41 
; 100 9-9 0-10 0-10 0-13 0-08 
| 100 19-0 0-34 0-31 0-42 0-33 
j 100 13-5 0-32 0-21 0-30 0-20 
100 13-7 0-24 0-16 0-29 0-17 
| (1) 100 18-6 0-22 0-17 0-33 0-17 
(3) 100 14:8 0-15 0-13 0-26 0-17 
100 13-0 0-22 0-11 0-23 0-12 
L 100 147 0-20 0-21 0-22 0-16 
: 100 123 0-32 0-32 0-26 0-27 
Dose (mv.) Before After Before After Before After 
50 13-9 10-7 0-16 0-20 Ses oad 
| (1) 50 15-3 11-4 0-09 0-06 _ — 
: (2) 100 12-2 10-3 0-22 0-17 0-20 0-20 
100 7:3 5-6 0-22 0-16 aks sins 
(3) 100 14-5 17-7 0-28 0-23 0-30 0-23 
200 11-3 10-5 0-28 0-22 0-41 0-30 
] (5) 200 20-0 18-5 0-32 0-31 0-41 0-37 
200 6-6 0-09 0-11 0-28 0-24 
Before After Before After Before After i 
15:3 0-16 0-16 0-15 O17 P 
9-0 0-14 0-14 0-21 0-14 ni 
= 11-9 0-11 0-14 0-14 0-10 fi 
; 13-6 0-21 0-21 0-38 0-22 
(5) 200 18-0 0-14 0-20 0-16 0-13 a 
| 200 7-0 0-15 0-07 0-31 0-11 
(1) 200 16-7 0-26 0-20 0-45 0-23 Ne 
| 200 7-0 0-18 0-07 0-30 0-13 fa 
200 14-7 0-19 0-14 0-45 0-21 
| 200 9-2 0-24 0-13 0-32 0-22 st 
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being specially hydrated. The volumes passed before and after injection were 
then more nearly equal. Increases in sodium and chloride output were still not: 
seen, and falls in output were sometimes observed (Table 4). 


Tasxz 4. Effect of ‘Pitressin’ on sodium and chloride excretion 
(In this series the sodium and chloride figures after injection were derived from a single 30-60 min. 
urine collection. The degree of hydration was varied.) 
Urine flow (ml. /min.) Chloride (m.eqiv. /min.) Sodium (m.equiv. /min.) 


Dose(mv.) Before After Before After Before After 


100 0-6 
50 1-1 10 0-32 0-33 0-31 0-30 
50 1-2 0-7 0-30 0-19 0-28 0-16 
(2) 50 1-2 1-0 0-21 0-20 0-24 0-22 
50 2-2 1-4 0-36 0-27 0-41 0-29 
(6) 50 3-9 1-2 0-28 0-19 0-31 0-19 
50 4-4 15 0-24 0-24 0-25 0-21 
100 10-2 0-6 0-19 0-11 0-23 0-10 
(6) 50 10-8 1-0 0-30 0-17 0-38 0-24 
100 13-5 1-7 0-20 0-16 0-21 0-18 
100 17-9 1-2 0-23 0-21 0-23 0-20 


We are unable to confirm Thorn’s observation in 1949, that doses of ‘ Pitres- 
sin’, too small to produce a marked anti-diuretic effect, will tend to increase 
sodium chloride excretion; 1 mv. of ‘Pitressin’ intravenously in subject (2) 
reduced the urine flow from 12-6 to 7-8 ml./min. The chloride output before 
_ injection was 0-27 m.equiv./min. and after injection 0-24 m.equiv./min. In 
another subject an infusion of ‘Pitressin’ at the rate of 0-1 mu./min. reduced 
the urine flow from 15-0 to 2-0 c.c./min. and there was a fall in chloride output 
from 0-34 to 0-18 m.equiv./min.; when the rate of infusion was 0-025 mv. /min. 
the urine flow remained unchanged between 12-0 and 13-0 c.c./min. and the 
chloride excretion rates were 0-27 m.equiv./min. before, and 0-25 m.equiv. /min. 
during the 40 min. period of the infusion. | 


DISCUSSION 


These results do not support the view that posterior lobe extracts increase the 
excretion of sodium and chloride in man, when given in physiological doses. 
After ‘Pitressin’ and whole extract output tends to fall, if anything, and this 
is more marked in the case of sodium than of chloride. ‘ Pitocin’ has no effect. 

A fall in the output of sodium of the order of 0-15 m.equiv./min. could be 
produced by a 1% reduction in the glomerular filtration rate, provided that 
no change in the tubular reabsorption occurred. As changes in the glomerular 
filtration rate of this order cannot be detected, it is impossible to exclude them 
as a cause of the phenomenon. It is also impossible to design any experiment 
which will give this information directly in the human subject. However, the 
fact that the changes in sodium and chloride output are rarely the same is a 
strong argument for their tubular origin. 
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The reduction of sodium output by ‘Pitressin’ and whole posterior lobe 
extract is so often absent or slight that it is unlikely to be a specific effect of the 
anti-diuretic hormone. We rather suppose that it is a side effect associated with 
the tubular reabsorption of water. In the case of urea, increased reabsorption 
is known to occur at low rates of urine flow and has been carefully studied by 
Chasis & Smith (1938). It appears to be true that while the total concentration 
of urinary solids (mainly sodium chloride and urea) partly determines the 
minimum urine flow (McCance, 1945), a low rate of urine flow restricts the rate 
of excretion of total solids. 

SUMMARY 

1. ‘Pitressin’, 20-100 mv. intravenously, never increased the urinary out- 
put of sodium or chloride in normal human subjects, whether hydrated or not. 

2. On the contrary, the rate of excretion was often restricted, particularly 
of sodium. 

3. ‘Pitocin’ had no effect. 

4. The action of whole posterior pituitary extract resembled that of ‘Pit- 
ressin’. 

5. It is considered that the reduced excretion of sodium and chloride are due 
to a low rate of urine flow and not to a direct effect of the pressor fraction. 
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THE EFFECT OF PENTOBARBITONE ANAESTHESIA 
ON THE RESTING LEVEL OF THE SYSTOLIC BLOOD 
PRESSURE AND ON THE RESPONSES OF THE 
SYSTOLIC BLOOD PRESSURE, IN ATROPINIZED 
BITCHES, TO SYMPATHOMIMETIC AMINES 


By MARY F. LOCKETT* © 
From the Department of Pharmacology, University College, London 
(Received 24 January 1950) 


‘The purpose of this study is twofold. First, since anaesthesia may reverse the 


effects of stimulation of the sympathetic nervous system (Burn, 1938) and 
barbiturates are known to show this property (Brown & McSwiney, 1932), 


it might be expected that barbiturates would also produce changes in the 
responses to sympathomimetic amines. It was expected that such changes 
- might reveal whether differences in the responses to sympathomimetic amines 


of the heart rate on the one hand, and of the systolic blood pressure (8.B.P.) 
én the other hand, were present in normal animals, or appeared only after 
sympathectomy (Lockett, 1950). The second purpose was to obtain further 
information about the mode of action of the barbiturates. 

The responses of the heart rate and of the s.B.P. to sympathomimetic amines 
were therefore compared in atropinized bitches during sleep and when under 
pentobarbitone anaesthesia. Experiments were made on normal, on sympath- 
ectomized, and on adrenalectomized-sympathectomized bitches. The present 
paper is concerned only with the effect of pentobarbitone anaesthesia on the 
responses of the 8.B.P. to sympathomimetic amines. Observations on the effect 
of pentobarbitone on the corresponding responses of the heart rate are reported 
in the following paper (Lockett, 1951). | 


METHODS 


Operative. The methods employed for preparing carotid loops, for sympathectomy, and for 
adrenalectomy, have been described (Lockett, 1950). 

Conditioned sleep. The bitches used had undergone more than one year of training, and were not 
disturbed by the procedures used in these experiments. The use of conditioned sleep reflexes made 
experiments lasting for several hours possible in atropinized bitches. The high levels of the s.n.P. 
during the first few hours of conditioned sleep in fully atropinized bitches, and the small range of 
variation, have been described and contrasted with the steep fall in s.8.r. which occurs during the 
first hour or more of conditioned sleep in unatropinized bitches (Lockett, 1950). 


* Present address: Department of Materia Medica, The University, Glasgow. 
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_ Pentobarbitons encesthesia. Graber & Roberts (1926) described a fall in blood preasure which 
may result from the intravenous injection of barbiturates. Bleckwenn (1930) showed that this 
fall occurred only after the rapid injection of barbiturates in small volume. Tatum (1939) therefore 
advocated the slow intravenous injection of barbiturates in large volume. It was found, however, 
that the latter procedure disturbed atropinized bitches, producing signs of considerable anxiety 
before the onset of anaesthesia. Anaesthesia was therefore induced by intravenous injection of the 
requisite amount of pentobarbitone, in small volume (3-7 ml.) in less than 1 min., usually during 
sleep. So administered, pentobarbitone produced a sharp fall in the basal s.8.P. which, after a 
period of 5-15 min., rose again fairly rapidly, reaching an almost constant plateau level in 20- 
40 min. Experimental observations were not begun before this plateau level of the 8... had been 
reached, Sub t intravenous injections of small amounts of pentobarbitone, needed to maintain 
a constant level of anaesthesia, did not cause further modification of the basal s.B.P. 

The weights of pentobarbitone employed for induction of anaesthesia in each animal are given 
in Table 1. The preparation of pentobarbitone used was ‘Nembutal’ for veterinary use, dissolved 
in 10% alcohol (Abbott and Co, Ltd.). 


Tazz 1. The weights of pentobarbitone, administered intravenously to ten atropinized bitches, 
to produce anaesthesia of the required depth, and the doses of atropine sulphate, by sub- 
cutaneous injection, employed for each animal 


mg. pentobarbitone mg. Bitch 

‘Deep Medium _ Light Weight (kg.) Type Code no. 
360 300 270 8 16-6 Normal 9 
360 300 240 14-9 
330 290 250 6 97 10 
320 290 240 4 11-2 7 

330 290 240 11-2 6 
320 280 240 6 10-7 pathectomized 4 
320 280 240 5 10-1 i 3 
320 280 240 5 11-6 | 2 
300 260 220 5 9-0 1 
320 280 240 10-7 5 
300 ~ 260 220 10 101 Adrenalectomized- 3 
300 280 220 10 115 sympathectomized 2 


Depth of anaesthesia is here described in numerals. Anaesthesia 3 was upper third-stage 
anaesthesia; cyanosis was not present. Anaesthesia 2 was characterized by brisk eye reflexes, 
poor muscular relaxation, yet breathing that was completely regular except for an occasional 
sighing respiration. During anaesthesia of depth 1 breathing was slightly irregular; the animal 
moved if stimulated, but during experiments remained completely at rest, lightly covered, on the 
warm table. The tremors, and periods of restless and sometimes noisy activity so often seen in 
dogs under light pentobarbitone anaesthesia, were almost entirely prevented by keeping the animal 
warm and covered. 
ca ion. Full atropinization was assessed for each animal as previously described (Lockett, 

). 

Measurements, Systolic blood pressures were determined from carotid loops; responses were 

measured as absolute increases in pressure in mm. Hg. 


ymp imetic amines The preparations used were: tadrenaline (Burroughs Welloome Ltd.) ; 
DL drenaline hydrochl (very kindly supplied by Dr M. L. Tainter) ; tyramine acid phosphate 
(Burroughs Wellcome Ltd.); tyramine hydrochloride (very kindly supplied by Dr Blaschko, 
Oxford); and £-phenylethylamine hydrochloride (Roche Products Ltd.). Sympathomimetic 
“amines were injected intravenously in 0-4 ml. of 0-9% NaCl solution, in random order at 7 min. 
intervals. The details of this procedure, and the methods used in det ining. dose curves, 


have been reported elsewhere (Lockett, 1950). | * 
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RESULTS 
_ ‘The effect of pentobarbitone anaesthesia on the basal systolic blood 
pressure in atropinized bitches 

Mean s.2.P, Measurements of 8.8.P. were made in atropinized bitches every 
7 min., both during conditioned sleep and under anaesthesia. The results are 
summarized in Table 2, in which the mean values for the s.B.P., followed by 
the standard deviation of a single observation and the number of observations, 
are recorded for each atropinized animal during sleep and at three levels of 
pentobarbitone anaesthesia. The bitches were studied separately for three 
reasons: first, the number of dogs of each type is small; secondly, suitable 
bitches were selected for this work; thirdly, whereas the normal dogs fall 
into a single group individual differences are found amongst the group of 
sympathectomized bitches. 

In every animal (Table 2) the mean values recorded during sleep were most 
nearly approached under stage 1 anaesthesia, but the values of ‘t’ for even - 
these smallest differences between the means were so large that all the dif- 
ferences between the means during sleep and under anaesthesia must be 
regarded as highly significant. The usual ‘t’ test has been modified by the 

method of Cochran & Cox (1944) in these " subsequent calculations to allow 
for unequal variances. 


2. 8.5.9. of fully stropinieed bitches during conditioned sleep, and under pento- 


barbitone anaesthesia. (Mean, standard deviation of a single observation (N.=number of 


observations) ] 
Basal systolic pressure (mm. Hg) 
Stage of pentobarbitone anaesthesia 
Sleep Third Second First 
Bitch Type Mean s.p. N. Mean N. Mean sv. N. Mean N. 
10 Normal 137-8 10 92 1100 45 55 121-1 32 51 14388 24 35 
7 Normal 155-1 13 149 1176 53 41 1405 40 97 1655 30 34 
6 Normal 149-9 19 117 1321 33 32 187-2 24 35 1638 35 25 
5 Sympathectomized 1348 24 120 105-7 43 31 1213 23 43 1365 28 44* 
3 Sympathectomized 1182 3-2 108 103-7 42 25 1086 41 32 1164 26 18 
2 Sympathectomized 120-3 3-3 128 97-2 3:1 24 1057 28 26 1126 29 21 
1. Sympathectomized 1217 59 41 — — — 908 53 31 1104 47 15 
3 Sympathectomized 129-4 2-1 109 995 39 26 1183 20 39 1199 21 42 
and 
adrenalectomized 
2 Sympathectomized 114-9 1:7 101 533 66 24 1068 3:8 35 1024 45 24 
and 


adrenalectomized 
Note. All differences between means, in this table, are significant. P<0-0l except *, where 


P=0-06. 


In both normal and in sympathectomized atropinized bitches stage 3 and 


stage 2 anaesthesia caused highly significant decreases in the basal 8.B.P. 
16—2 
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Whereas stage 1 pentobarbitone anaesthesia caused a highly significant decrease 
in the basal s.8.P. in three out of four sympathectomized animals, in the fourth 
_ sympathectomized animal a small, but just significant, rise of 8.B.P. was 
encountered. 

In two adrenalectomized-sympathectomized bitches, which were receiving 
whole-gland extract substitution therapy for the adrenalectomy, the fall in 


8.B.P. associated with stage 3 anaesthesia was more marked than in normal — 


or in sympathectomized bitches, and the depression of the s.B.P. which had 


characterized stage 1 pentobarbitone anaesthesia in sympathectomized bitches — 


was again seen (Table 2). Differences between bitches 2 and 3 (Table 2) when 
sympathectomized only, and when both sympathectomized and adrenal- 
ectomized, should not be related with certainty to the effects of adrenalectomy. 
These animals were adrenalectomized more than 12 months after sympath- 
ectomy. 

The scatter of observations. In normal bitches all three depths of pento- 
barbitone anaesthesia caused highly significant increases in the scatter of 
observations around the mean basal s.B.p. (Table 3). Reference to Table 2 
reveals that the values found for the standard deviation of a single observation 
of 8.B.P. were much greater during sleep in sympathectomized than in normal 
bitches. Table 3 shows that in sympathectomized animals pentobarbitone 
caused only two instances of significant increase in the variability of the basal 
8.B.P., both of which took place during third-stage anaesthesia. | 


Tasixz 3. Comparison of the scatter of observations around the mean basal s.3.P. in atropinized _ 


bitches during sleep and under pentobarbitone anaesthesia. The numerals are the values of z 
in Fisher's z-test. Significant difference between sleep and anaesthesia is shown by asterisks: 
one, P< 0-05; two, P<0-01 


Stage of anaesthesia 
Bitch Third Second First 

Normal: 10 1-50** 1-16** 0-88** 
7 1-67** 1-39** 1-10** 
0-55** 0-23** 0-61** 
Sympathectomized : 5 0-58* 0-42 0-15 
3 0-26* 0-25. 0-20 

2 0-62 0-16 0-13 

l 0-11 0-23 

Adr t d-sympathect d: 3 0-62* 0-05 0-00 
2 1-36* 0-81* 0-97* 


The responses of the systolic blood pressure to sympathomimetic amines in 
atropinized bitches during sleep and under pentobarbitone anaesthesia 
Mean curves relating the rise of s.B.P. to the log-dose of amine salt were 
determined for each amine in each bitch during conditioned sleep. Fixed 
weights of amine salt were given repeatedly in random order on each experi- 
mental day, as previously described (Lockett, 1950). Since the variation of 
the mean of the responses to a given weight of amine salt from day to day 


3 
a 
Fi 
> 
> 
4 
a 
r 
& 


EEE 


— 


PENTOBARBITONE, 8.B.P., SYMPATHOMIMETIC AMINES 247 


exceeded by more than fivefold the variations recorded on a single day, the 
latter were neglected for purposes of the present investigation, and the mean 


‘ response to each dose of amine salt was plotted each day for each animal. 


Fig. 1 shows four such curves, for four different amines, determined during 
conditioned sleep in a single normal bitch. This figure illustrates the fact that, 


Sleep 
i 
60 
50 - 50 
3 
20F 20 
10+ 10 
4 6 8 1012 2 


Fig. 1. Normal bitch, atropinized. Responses of the systolic blood pressure to sympathomimetic 
amines during conditioned sleep. The graphs show the mean curves relating rise of systolic 
blood pressure in mm. Hg to weight of amine salt, injected intravenously, in a single normal 
bitch, no. 7, during atropinized sleep. Fixed weights of amine salts were injected in random 
order at 7 min. intervals during conditioned sleep. Each dot represents the mean of observa- 

_ tions made on a single day. The amine salts were L-adrenaline, pL-noradrenaline hydrochloride, 
tyramine acid phosphate, and 8-phenylethylamine hydrochloride. Ordinates: rise of systolic 
blood pressure in mm. Hg. Abscissae: weight of amine salt, L-adrenaline and pL-noradrenaline 
in pg., tyramine and £-phenylethylamine in tenths of 1 mg. 


in sleeping atropinized bitches, curves relating log-dose of sympathomimetic 
amine to rise of blood pressure in mm. Hg are linear from responses of approxi- 
mately 15 to over 80 mm. Hg or more. In order to define both the slopes and 
the positions of these curves, the weights of amine salt required to produce 
responses of 50 and of 20 mm. Hg were read from the curve established each 
day. Position was defined by the mean weight of amine salt required to produce 
a rise in 8.B.P. of 50 mm. Hg. The slope was expressed as the ratio of the weight 
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of amine salt which produced a rise of blood pressure of 50mm. Hg to the 
weight which produced a rise of 20 mm. Hg. Two values, the one relating 
to position and the other to dose ratio, were therefore obtained every experi- 
mental day for the action of each amine on the s.B.P. in each bitch, during 
sleep. 

fetal of the linear part of the log-dose response curves for the action 
of the several sympathomimetic amines on the s.B.P. has characterized pento- 
barbitone anaesthesia at all depths in all the animals studied in this respect 
(cf. Fig, 1 with Figs. 2 and 3). In determination of log-dose response curves 
for these amines during pentobarbitone anaesthesia, the remaining linear 
portion of the curve has been established, and the recorded results apply only 
to this shortened but linear part of the curve. 

Normal ‘ bitches. The outstanding changes produced by pentobarbitone 
anaesthesia in thé curves relating log-dose to rise of 8.B.P. are seen when Fig. 1 
is compared with Figs. 2 and 3. Fig. 1 shows the mean log-dose response curves 
for four amines determined during conditioned sleep in eighteen experiments 
on bitch 7. Fig. 2 shows the curves for the same animal under third-stage 
pentobarbitone anaesthesia (above) and under second-stage pentobarbitone 
anaesthesia (below). In Fig. 3 the curves are shown for this animal under 
light pentobarbitone anaesthesia. The curves, as determined in five experiments — 
at deep and medium depth. of pentobarbitone anaesthesia, are separately 
drawn in Fig. 2, and illustrate the following characteristic effects of pento- 
barbitone on these log-dose response curves. First, there were very great 
variations in the alterations produced in these curves by the same dose of 
pentobarbitone similarly administered to the same animal in experiments on 
different days. Secondly, as a result of pentobarbitone anaesthesia, the 
log-dose response curves underwent changes both in position and in slope; the 
responses to all amines were not similarly altered in single experiments, neither 
were proportionate changes in these curves constant from one experiment to 
the next. Thirdly, the maximum responses of the s.B.P. to the several sympa- 
thomimetic amines were greatly reduced; the maximum response of the blood 
pressure that could be elicited in a single experiment for one amine was not 
_ identical with the maximum response for any other of these four amines. Since 
such findings may indicate differences in the receptor mechanisms for the 
different amines, the maximum values of the s.B.P. which could be elicited by 
the injection of L-adrenaline and pi-noradrenaline were examined in normal 
atropinized bitches under pentobarbitone anaesthesia. Only bitches nos. 6 
and 7 were found suitable for this purpose; intravenous injection of 25 ug. of 
L-adrenaline produced gross cardiac irregularities in bitch no. 10. The results 
of these experiments are summarized in Table 4, and show that the maximum 
response obtainable with pL-noradrenaline exceeded that with t-adrenaline in 
these atropinized bitches under deep pentobarbitone anaesthesia. 
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Fig. 2. Normal bitch, atropinized. Effect of pentobarbitone anaesthesia on the responses of the 
systolic blood pressure to sympathomimetic amines. The continuous lines show the mean 
curves relating rise of systolic blood pressure in mm. Hg (ordinates) to weight of amine salt 
injected intravenously, in a single animal, bitch no. 7, in five separate experiments under 
the third stage of pentobarbitone (above) and in five experiments under the second stage of 
pentobarbitone anaesthesia (below). Curves are numbered in roman figures according to 
experimental day. Figures in brackets denote the mean basal s.B.P. during the experiment. 
sleep. Abscissae and ordinates as in Fig. 1. 
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Fig. 3. Normal bitch, atropinized. The effect of light pentobarbitone anaesthesia on the responses 
of the 8.B.P. to sympathomimetic amines. The continuous lines show the mean curves relating 
the rise of systolic blood pressure in mm. Hg to the weight of amine salt injected intravenously 
for four amines, in each of four experiments under light pentobarbitone anaesthesia. The 
amine salts were L-adrenaline, pL-noradrenaline and §-phenylethylamine hydrochlorides, and 
tyramine acid phosphate. The interrupted lines show the mean positions of the corresponding 
curves during conditioned sleep. Abscissae and ordinates as in Fig. 1. 
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Taste 4, The figures show that the maximum responses of the s.B.P. that could be elicited by the 
intravenous injection of t-adrenaline were less than the maximum responses which could be 
produced with pt-noradrenaline similarly administered to atropinized bitches under third- 


stage pentobarbitone anaesthesia. (Mean, ‘standard deviation of s single observation 
(N. =number of observations) } 


Maximum rise of systolic pressure (mm. Hg) 


L-adrenaline DL-noradrenaline 

Mean 8.D N. Mean 8.D N. ment Bitch 
55-67 1-63 6 67-17 1-08 6 1 7 
59-17 1-35 6 65-00 1-53 6 2 

55-33 1-78 6 68-33 1-29 6 3 

73-00 1-73 6 90-17 1-68 6 4 6 
67-33 1-91 6 78-83 1-35 6 5 

64-33 2-24 6 75-83 1-53 6 6 


The results of thirty-eight experiments under pentobarbitone anaesthesia on 
three normal bitches are summarized in Table 5, and the positions and the 
slopes of the mean curves relating log-dose of the several amine salts to the 
rise in blood pressure in mm. Hg, as determined under pentobarbitone anaes- 
thesia, are there contrasted with the corresponding curves determined during 
conditioned sleep. Two features characterize the action of pentobarbitone 
anaesthesia on these log-dose response curves; first, the curves are often 
flattened as shown by the dose ratios, and, secondly, at a response level of 
50 mm. Hg, are frequently shifted to the right. 

Sympathectomized bitches. Three animals were examined between the sixth 
and sixteenth post-operative weeks. Two bitches, nos. 2 and 3, had been 
subjected to bilateral removal of the sympathetic chains from, and including, 
the stellate ganglion: above, downward into the pelvis. In the third animal, 


_ bitch no. 5, removal of the chains was complete from just below the stellate 


ganglia downward. 
In these atropinized sympathectomized bitches, as in normal animals, pento- . 


barbitone anaesthesia produced significant changes in the curves relating 
log-dose to the effect. Fig. 4 shows the positions and the slopes of the linear 
part of the log-dose response curves for L-adrenaline and for pL-noradrenaline 
in four experiments, at each depth of pentobarbitone anaesthesia, in bitch 
no. 3. Fig.-5 gives the results obtained in similar fashion for tyramine and for 
£-phenylethylamine in the same animal. The overall characteristic of the effect 
of pentobarbitone, shown in these two figures, was flattening of the log-dose 
response curves; this resulted in an increase of the weight of amine salt required 
to produce a rise of 50 mm. Hg in the s.B.P. 

The mean curves relating log-dose of sympathomimetic amine salt to effect 
on the s.B.P. are defined in Table 6, for each amine in each sympathectomized 
animal, during sleep and under pentobarbitone anaesthesia. Whereas bitches 
nos, . and 3 showed a shift to the left in the log-dose response curves for 
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Tasie 5. Comparison of log-dose response curves for the action of sympathomimetic amines on 
the s.B.P. of atropinized normal bitches, during sleep and under pentobarbitone anaesthesia 


[Position = ug. producing a rise of 50 mm. Hg in 8.8.P. Dose ratio =,ig. producing a rise of 
50 mm. Hg +g. producing a rise of 20 mm. Hg in 8.B.P. Significance of changes under anaesthesia 
compared with sleep was determined by ‘t’ tests corrected for unequal variance, and is shown by 
asterisks: one, P<0-05; two, P<0-01.] 


Position (pg.) Ratio of doses 
anaesthesia Bitch N. Mean 8.D. Mean 
L-adrenaline 
0 10 12 61 1 1-36 0-02 
4 8-4 2-62 2-02* 0-28 
2 4 73 1-45 1-86** 0-16 
3 4 71-79% 0-83 2-09** 0-21 
0 6 12 5-4 0-29 1-76 0-11 
1 4 6-2 0-92 1-60 0-19 
2 4 6-9 1-71 2-57 0-78 
3 4 1-5* 1-09 1-68 0-28 
0 7 18 6-3 0-34 1-54 0-06 
1 4 11-2** 1-62 2-26 0-53 
2 5 8-4* 1-09 -1-81* 0-22 
3 5 8-0 2-45 * 2-40* 0-45 
pL-noradrenaline (HCI) 
0 10 12 4-8 0-18 1-43 0-02 
I 44 5-4 1-83 1-83** 0-06 
2 4 5-9 1-16 1-93* 0-18 
3 4 4-2 0-50 1-65** 0-03 
0 6 12 “7 0-23 1-58 0-04 
l 4. 54 1-00 1-89** 0-08 
2 4 6-2* 0-84 2-10** 0-17 
3 4 5-5* 0-30. 1-95 0-30 
i) 1 18 72 0-53 1-61 0-08 
1 4 6-8 0-82 1-48 0-33 
2 5 72 0-91 1-81 0-44 
3 5 (-) 61* 0-74 2-76* 0-60 
Tyramine (acid phosphate) 
0 10 12 991 39 1-29 0-05 
4 1110 232 O11 
2 4 1200* 123 1-45 0-15 
3 4 1075 153 1-50 0-28 
0 6 12 652 21 1-43 0-04 
1 4 1383* 569 2-31 0-70 
2 4 975* 181 2-50 0-71 
° 4 898* 67 1-74 0-21 
0 7 18 988 36 1-33 0-03 
| 4 1360** 103 1-77* 0-21 
2 5 1554* 279 1-89* 0-38 
8 5 1172 311 1-59 0-48 
B-phenylethylamine (HCI) 

0 10 12 476 21 1-37 0-05 
4 1140 504 2 0-42 
; 960* 84 1-85** 0-11 

44 1-73 0-09 
I 4 1370* 186 2-10* 0-21 
. 4 1038 174 2-23* 0-30 
4 945 72 (-) 1-48" 0-07 
0 7 18 1018 40 1-54 0-08 
1 4 1230 199 1-55 0-02 
3 5 1224¢ 151 1-51 0-02 
1060 180 1-40 0-17 
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ne Deep pentobarbitone anaesthesia 
Bitch 3. Sympathectomized. Bitch 3. Sympathectomized 
t-Adrenaline hydrochloride | 770 


Ot-Noradrenaline 
hydrochloride 


/ 


Rise (mm. Hg) 


? 
5 
Mg. 
Fig. 4. Sympathectomized bitch, atropinized. Effect of pentobarbit thesia on the responses 


of the 8.8.P, to L-adrenaline and pL-noradrenaline hydrochloride. The continuous lines show 
the linear part of the mean curves relating rise of systolic blood pressure in mm. Hg (ordinates) 
to ug. of amine salt injected intravenously (abscissae) in separate experiments on a single 
animal, bitch no. 3, under pentobarbitone anaesthesia—third-stage anaesthesia above, 
second stage central, light anaesthesia below. The interrupted lines show the mean positions 
of the corresponding curves during conditioned sleep. 
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01 02 03 04050607 01 02 04050607 

Fig. 5. Sympathectomized bitch, atropinized. Effect of pentobarbitone anaesthesia on the 
responses of the s.B.P. to tyramine acid phosphate and £-phenylethylamine hydrochloride. 
The continuous lines show the linear part of the mean curves relating rise of s.8.P. in mm. Hg 
(ordinates) to weight of amine salt injected intravenously in mg. (abscissae) in a single 
animal, bitch no. 3, in separate experiments under pentobarbitone anaesthesia—third- 
stage anaesthesia above, second-stage depth central, first-stage anaesthesia below. The 
interrupted lines show the mean positions of the corresponding curves during conditioned 
sleep. 
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TaBLE 6. Comparison of log-dose response curves for the action of sympathomimetic amines on 
the s.B.P. of atropinized sympathectomized bitches, during sleep and under pentobarbitone 
anaesthesia 

[Position = yg. producing riee of 50 mm. Hg in Dose ratio= yg. producing a rise of 

50 mm. Hg +g. producing a rise of 20 mm. Hg in s.B.P. Significance of changes under anaesthesia 

compared with sleep was determined by ‘t’ tests corrected for unequal variance, and is indicated 

by asterisks: one, P<0-05; two, P<0-01.] | 


Position (yg.) Ratio of doses 
anaesthesia * Bitch N. Mean 8.D Mean 8.D 
L-adrenaline 
0 5 9 41 0-19 1-79 0-09 
I 4 5-9 1-82 2-29 0-58 
2 4 6-7* 1-20 2-57* 0-39 
3 - 4 4-7 0-45 2-39* 0-35 
0 3 8 4:8 0-13 2-00 0-08 
] 4 7-4* 1-15 2-87* 0-37 
2 4 6-2** 0-37 2-63** 0-12 
3 4 43 0-73 2-24 0-30 
0 2 9 5-2 0-27 2-49 0-10 
] 4 6-2* 0-47 2-57 0-16 
2 4 5-7 0-37 2-49 0-16 
3 4 4-8* 0-22 2-54 0-84 
DL-noradrenaline (HCl) 3 
0 5 9 3-1 0-26 1-94 0-16 
I 4 5-8 2-64 2-32 0-76 
2 4 4-8* 0-70 2-08 0-25 
3 4 3-5 0-18 1-77 0-08 
0 3 8 3-7 0-24 1-70 0-14 
l 4 6-7* 1-15 2-93** 0-41 
2 4 0-51 2-15** 0-11 
3 4 5-9* 0-81 3-08** 0-32 
0 2 9 43 0-21 2-26 0-18 
l 4 5-9 101 2-58* 0-16 
2 4 5-6* 0-61 2-25 0-11 
3 4 5-2* 0-36 3-07** 0-19 
Tyramine (acid phosphate) 
0 5 9 911 30 1-86 0-05 
1 4 1260 373 2-12 0-80 
2 4 1185 194 1-94 0-4) 
3 4 1130 206 2-40 0-41 
0 3 8 1080 10 1-53 0-14 
1 4 1680 409 4-41* . 1-09 
2. 4 1473** 96 3-82** 0-36 
3 4 1270** 42 3-50** 0-27 
0 2 9 920 22 -06 0-05 
1 4 1280** 63 2-76** 0-23 
2 4 1225** 50 2-53** 0-08 
3 4 1160** 72 2-74** 0-22 
B-phenylethylamine 
0 5 9 760 12 1-91 0-09 
l 4 688 132 1-60 0-28 
2 4 1 0-24 
3 4 870** 26 2-26** 0-10 
0 3 8 480 21 1-98 0-06 
1 4 538 64 2:32** 0-1) 
2 4 603* 49 2-23* 0-10 
3 4 653* 77 2-54* 0-33 
0 2 i) 21 2-00 0-08 
1 4 710* 46 1-82* 0-10 
2 4 61 2-12 0-13 
3 4 740** 40 2-31** 0-06 
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L-adrenaline under light pentobarbitone anaesthesia, this was not seen in 
bitch no. 5 from which the sympathetic nerve supply to the heart had not been 
removed. Since sympathetic denervation of the heart increases the sensitivity 
of the heart rate more to t-adrenaline than to pi-noradrenaline (Lockett, 
1950), and since pentobarbitone potentiates the effect of t-adrenaline on the 
heart rate but not the effect of pi-noradrenaline (Lockett, 1951), the reason 
for this apparent discrepancy almost surely lies in the fact that sympathetic 
cardiac denervation had been performed only on bitches nos. 2 and 3. 

The characteristic change, produced by pentobarbitone anaesthesia in the 
dose-effect curves for the action of noradrenaline, of tyramine, and of f- 
phenylethylamine on the s.3.P. of atropinized sympathectomized bitches, was 
flattening and a shift to the right (Table 6). 


Adrenalectomized -sympathectomized bitches. Sympathectomized bitches nos. 2. 


and 3 were later adrenalectomized, and were maintained in good health 
throughout these experiments by means of daily injections of an extract of 
suprarenal gland (Eucortone). The effect of pentobarbitone anaesthesia was 
again examined in these animals 12 and 14 months.after sympathectomy, and 
10 and 6 months after adrenalectomy, respectively. Only second- and first- 

stage pentobarbitone anaesthesia was employed. 

The results of sixteen experiments on adrenalectomized-sympathectomized 
bitches are collected in Table 7. There comparison has been made between the 
mean log-dose response curves for these several amines determined during 
sleep, and the corresponding curves determined under pentobarbitone anaes- 
thesia. Significant flattening of the log-dose effect. curves was found for all 
four amines. Inspection of Table 7 reveals that the scatter of the day-to-day 
observations under pentobarbitone was less marked than in normal or in 
sympathectomized animals (Tables 5 and 6). Hence smaller differences between 
means are significant in the adrenalectomized-sympathectomized bitches than 
in normal or in sympathectomized bitches. 

Fig. 6 shows curves relating log-dose of amine salt injected intravenously to the 
rise in 8.B.P. in mm. Hg. The values were obtained in four experiments under 
second-stage pentobarbitone anaesthesia for each of the four amines in an adrenal- 
ectomized-sympathectomized animal. When the curves in Fig. 6 are compared 
with the corresponding curves for a normal animal (Figs. 2, 3), and with those for 
a sympathectomized animal (Figs. 4, 5), it is seen that pentobarbitone produced 
less alteration in the log-dose response curves for these amines in adrenalecto- 
mized-sympathectomized bitches than in normal or sympathectomized bitches. 


Day-to-day variations in log-dose response curves 


Table 8 compares the day-to-day scatter of the two values, position and dose 
ratio, obtained from the log-dose response curves for the action of sympatho- 


mimetic amines on the s.B.P. of atropinized bitches during sleep, with the soatter 
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of the corresponding values determined during pentobarbitone anaesthesia. 
Table 8 shows that in normal and in sympathectomized animals, pentobarbitone 
produced a highly significant increase in the scatter of these two values with 


all four amines. In adrenalectomized-sympathectomized animals the variability 


of the log-dose response curves under pentobarbitone was not as marked as in 
normal or in sympathectomized animals (cf. Fig. 6 with Figs. 2, 3, 4 and 5). 
However, Table 8 shows that pentobarbitone still produced, in adrenalecto- 
mized-sympathectomized dogs, # significant increase in the variability of the 
log-dose response curves for adrenaline, for noradrenaline and for tyramine, 
but not for B-phenylethylamine. 


Taste 7. Comparison of log-dose response curves forthe action of sympathomimetic amines on 
s.B.P. of atropinized, ad ympathectomized bitches, during sleep and under 
pentobarbitone anaesthesia 

[Position = producing a rise of 50 mm. Hg in s.8.P. Dose ratio= pg. producing a rise of 
50mm. Hg +g. producing a rise of 20 mm. Hg in s.8.P. Significance of changes under anaesthesia 
compared with sleep was determined by ‘/’ tests, in which correction was made for unequal 
variance, and is indicated by asterisks: one, P<0-05; two, P<0-01.] 


Position (g.) Ratio of doses 
anaesthesia Bitch N. Mean 8.D. Mean 
L-adrenaline 
Oo 3 12 56 0-42 _ 18 0-23 
l 4 5-9 0-43 2-17 0-55 
2 4 6-6* 0-25 1-53* 0-08 
0 2 12 8-2 0-28 1-64 0-08 
l 4 8-3 0-25 1-89* 0-14 
2 4 10-0* 0-63 2-09** 0-11 
DL-noradrenaline (HCI) 
0 3 12 4-9 0-25 1-59 0-07 
1 4 5-5** 0-16 1-75 0-16 
2 4 6-5* 0-80 2-56* 0-47 
0 2 12 6-1 0-17 1-85 0-04 
1 4 6-1 0-40 1-62 0-15 
2 4 4-7** 0-34 1-95 0-09 
Tyramine (acid phosphate) 
0 ee 12 840 28 1-42 0-05 
1 4 1018* 78 2-02** 0-16 
2 . $3 1-52* 0-04 
0 2 12 1108 38 1-48 0-03 
l 4 1130 50 1-55 0-06 
2 4 1080 1-58* 0-04 
(HCI) 
0 3 12 41 1-33 0-12 
l 4 nl 72 1-61* 0-14 
2 4 683 17 1-43 0-05 
0 2 12 1060 54 1-41 0-09 
| 4 1055 25 1-56* 0-06 
2 4 1020 22 1-36 0-05 


Bitchee nos, 2 and 3 were examined 12 and 14 months after sympathectomy and 6 and 
10 months after adrenalectomy respectively. 
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Fig. 6. Adrenalectomized-sympathectomized bitch, atropinized. Effect of pentobarbitone 


anacathesia on the responses of the 9.3.2. to sympathomimetic amines. The continuous lines 
show the linear part of the mean curves relating rise of s.B.P. in mm. Hg (ordinates) to weight 
of amine salt in separate experiments under second-stage pentobarbitone anaesthesia. From 
left to right the curves relate to responses to L-adrenaline, pL-noradrenaline (HCI), tyramine. 
(acid phosphate), and £-phenylethylamine (HCl). The interrupted lines show the mean positions 
of the corresponding curves during conditioned sleep. Abscissae: L-adrenaline and DI- 
noradrenaline salts, tyramine and £-phenylethylamine salts, mg. 
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Taste 8. Comparison of the standard deviations of the values of position and of dose rs 
(derived from the log-dose response curves for the action of sympathomimetic amines 
8.B.P.) during sleep, with the corresponding pooled values determined under the three ste 
of pentobarbitone anaesthesia (z-tests) 


Values of z 
Bitch A 
m DL- B-phenyl. 
Type Code no. -adrenaline noradrenaline ©Tyramine  ethylamin 
Position of curves 
Normal 10 2-89** 1-99** 1-50** 3-76** 
6 1-46** 1-39** 2-81** 1-17** 
7 1-66** 0-45* 2-06** 1-67** 
Sympathectomized 5 1-92** 1-80** 2-21** 1-99** 
3 1-83** 1-30** 3-19** 1-13** 
2 0-29 1-21** 1-06** 0-80* 
Adrenalectomized- 3 0-02 0-84** 0-77* 0-26 
sympathectomized 2 0-60* 0-82** 0-82** -0-82* 
Slope of curves (dose ratio) 
Normal 10 1-92** 1-53** 1-31** 1-72%* 
7 6 1-46** 1-74** 2-83** 0-93** 
7 1-95** 1-81** 2-19** 0-41 
Sympathectomized 5 3-03** 1-08** 2-43** 1-05** 
3 1-29** 0-81** 1-54** 1-31** 
2 0-48 0-16 1-25** 0-26 
Adrenalectomized- 3 0-62* 1-63** 0-04 0-14 
sympathectomized 2 0-56* 1-23** 0-61* - 0-53 


Significance indicated by asterisks: one, P <0-05; two, P <0-01. 


DISCUSSION 
The evidence suggests that the action of pentobarbitone on the responses 
the systolic blood pressure to sympathomimetic amines is complex, even 
atropinized animals in which the results of parasympathetic stimulat 
(Griiber, Griiber & Colosi, 1938) or depression (Garry, 1930) have been annull 
In atropinized normal bitches the characteristic effects of pentobarbitone 
the log-dose response curves for the action of L-adrenaline, DL-noradrenali 
of tyramine, and of £-phenylethylamine on s.B.P. was a significant flatten 
of these curves, often accompanied by a shift to the right in curve positi 
Nevertheless, great variations were encountered in the effect of the same d 
of pentobarbitone, administered to the same animal, in experiments on differ 
days. Adrenalectomy abolished only some of this variability in the effect 
pentobarbitone, and some of the effect of pentobarbitone on the dose-efl 
curves for the action of sympathomimetic amines on the s.B.P. Pentobarbit 
therefore has some action on or through the suprarenal glands. That 1 
action is, in large part, a direct one through the glands themselves, is she 
by the fact that denervation of the suprarenal glands in the course 


- sympathectomy did not produce changes comparable with the effects 


adrenalectomy. 
The persistence of the characteristic features of the action of pentobarbit 
on the responses of the s.B.P. to sympathomimetic amines after sale 
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shows that this action of pentobarbitone is, for the main part, indepe 
of the sympathetic nervous system, and is a phenomenon produced by 
action of pentobarbitone with receptor-response systems. 

However, evidence that changes occur in the functional activity 
sympathetic nervous system during pentobarbitone anaesthesia is furr 
by the effect of pentobarbitone on the resting 8.B.P. in atropinized ani 
During sleep the values for the standard deviations of the mean basal sy 
pressures in atropinized sympathectomized bitches were greater tha 
corresponding values for atropinized normal bitches (Table 2). This diffe 
can only be attributed to the absence of control of the basal systolic pre 
by the sympathetic nervous system in sympathectomized animals. WI 
at each depth of pentobarbitone anaesthesia there was a significant in 
in the standard deviations of the mean basal systolic pressures in n 
atropinized animals, there were but two instances of significant incre: 
these values in sympathectomized animals, as a result of pentobart 
(Table 3). Moreover, no apparent difference remained between these \ 
for normal atropinized and sympathectomized atropinized animals - 
pentobarbitone. It may therefore be argued that the greater variation i 
mean basal systolic pressure in atropinized normal bitches under pentobart 
anaesthesia as contrasted with the corresponding values during sleep, 
produced by a loss of a stabilizing action of the sympathetic nervous sy 
The rise of basal systolic pressure which occurred in normal bitches d 
light pentobarbitone anaesthesia was still associated with a scatter of ob: 
tions significantly greater than the scatter during sleep. This rise of pr 
may fairly be attributed to stimulation of a sympathetic nervous s' 
devoid of stabilizing influence, since a rise in 8.B.P. was not characteris 
light pentobarbitone in sympathectomized bitches (Table 2). 


SUMMARY 


1. The resting levels of the systolic blood pressure (s.8.P.) have been 
pared in atropinized bitches (normal, sympathectomized and adrenalecton 
sympathectomized) during conditioned sleep, and under pentobar! 
anaesthesia. 

(a) Second- and third-stage pentobarbitone anaesthesia lowered the 
of normal, of sympathectomized, and of adrenalectomized-sympathecto 
bitches to values significantly below those recorded for the same animals ¢ 
conditioned sleep. Light pentobarbitone anaesthesia increased the resting 
of the s.B.P. significantly in dogs with an intact sympathetic nervous s 
(Table 2). | 

(6) In atropinized and sympathectomized sleeping bitches the variati 
the resting 8.B.P. were greater than those in atropinized normal sk 
animals. Whereas pentobarbitone increased the variations in the resting 
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of normal animals to values comparable with those obtained in atropinized 
sleeping sympathectomized bitches, pentobarbitone was without significant 
effect on these variations in atropinized sympathectomized animals (Tables 2 
and 3). 

2. For the following amines, t-adrenaline, pi-noradrenaline, tyramine, and 
B-phenylethylamine, 8.B,P. dose-response curves have been compared in 
atropinized bitches during sleep and under pentobarbitone anaesthesia. 

The characteristic changes produced by pentobarbitone in these log-dose 
response curves were: 

(a) Reduction in the maximum responses of the s.8.P. The maxima differed 
for the individual amines (Fig. 3). The maximum response of the 8.B.P. to 
pL-noradrenaline exceeded that to t-adrenaline in atropinized normal bitches 
under pentobarbitone (Table 4). 

(6) Pentobarbitone shortened the linear part of the log-dose response curves 
for the action of these amines on the s.B.P. (Fig. 3). 

(c) Pentobarbitone produced flattening and a shift to the right in the 
dose-effect curves for the action of these four amines on the 8.B.P. in 
normal, sympathectomized and adrenalectomized-sympathectomized bitches 
(Tables 5-7). 

(d) Pentobarbitone caused a highly significant increase in the day-to-day 
variability of the dose-effect curves obtained from all four amines on the s.B.P. 
in normal and in sympathectomized bitches (Table 8). This increase in vari- 
ability as a result of pentobarbitone was reduced by adrenalectomy (cf. Fig. 6 
with Figs. 2-5), but still remained significantly increased for adrenaline, nor- 
adrenaline and tyramine (Table 8). . 


A part of the expense of this work was defrayed by grants from the Medical Research Council. 
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OF THE HEART RATE TO SYMPATHOMIMETIC 
AMINES IN ATROPINIZED BITCHES 


By MARY F. LOCKETT* 
From the Department of Pharmacology, University College, London 
(Received 22 February 1950) 


The present paper deals with the effect of pentobarbitone anaesthesia on the 
heart rate and on the responses of the heart rate to sympathomimetic amines. 
The effects of pentobarbitone on the resting level of the systolic blood pressure, 
and on the responses of the systolic blood pressure to sympathomimetic amines, 
have been reported (Lockett, 1951). Both investigations were made on the 
same atropinized bitches, which were examined during sleep and under pento- 
barbitone anaesthesia. 

The purpose of these parallel studies was to make comparison of the effects 
of pentobarbitone anaesthesia on the sympathetic receptor-response systems 
for the heart rate, on the one hand, and for the systolic blood pressure on the 
other hand. This comparison was designed to determine whether differences 
in these receptor-response mechanisms existed in normal animals, or became 
evident only after sympathectomy (Lockett, 1950a). Barbiturates have long 
been known to modify the effects of stimulation of the sympathetic nervous 
system (Brown & McSwiney, 1932) and also to alter the responses of the systolic 
blood pressure to sympathomimetic amines (Lockett, 1951). 

To elucidate the interpretation of the changes produced by pentobarbitone 
anaesthesia in the responses of the heart rate to sympathomimetic amines, 
corresponding studies were made on sympathectomized animals. 


METHODS 


The methods used to determine the responses of the heart rate to sympathomimetic amines in 
atropinized bitches during conditioned sleep have been described (Lockett, 1950a). These responses 
were compared during sleep and under pentobarbitone anaesthesia by methods identical with 
those previously reported (Lockett, 1951). Amine salts were injected intravenously into atro- 
pinized normal and operated bitches as formerly detailed (Lockett, 1950a, 1951). 

Heart rate was determined from electrocardiographic records. 
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; The subcutaneous dose of atropine sulphate, and the weight of pentobarbitone, dissolved in 10% 


TaBLE 1. The weight of pentobarbitone, administered intravenously to produce anaesthesia, 
and the weight of atropine sulphate, injected subcutaneously, for each animal 


Bitch 
> Pentobarbitone Atropine sulphate : Weight No. eo 
(mg.) (mg.) (kg-) Type individual animal 
| 300 6 14-9 Normal 
320 8 17-4 Normal il 
290 s 11-2 Normal 7 
290 11-2 Normal 6 
280 6 10-8 Normal 4 
) 280 6 10-0 Normal 3 
280 6 10-1 pathecto 
280 8 11-6 
260 10 10-1 
280 10° 115 2 
RESULTS 
The effects of pentobarbitone on the frequency of contraction of the heart 
in atropinized bitches 


| The heart rate was determined in atropinized bitches every seven minutes 
during conditioned sleep and also under lower second-stage pentobarbitone 
anaesthesia. The results were expressed as sec./beat, and are summarized for 
each animal in Table 2. From this table it may be seen that in six normal 
_ animals there was no significant difference between the heart rates recorded 
during atropinized-conditioned sleep and when atropinized, but under pento- 
| barbitone anaesthesia. Significant slowing of the heart rate by pentobarbitone 
in atropinized bitches, although not seen in normal animals, was characteristic 
of sympathectomized, and sympathectomized-adrenalectomized bitches. 
TaBLE 2, Comparison of the interpulse interval in atropinized bitches during sleep and under 
' pentobarbitone anaesthesia. Mean + standard error (number of observations). Significance of 
change under anaesthesia was tested for means by ‘t’ tests corrected for difference in variance 
: by the method of Cochran & Cox (1944). Significance (P<0-05) is indicated by an asterisk — 
Bitch 


| 


Interpulse interval (sec./beat.) 
: Type Code no. ie. Sleep Pentobarbitone 
Normal 0-298 +. 0-025 (95) 0-298 + 0-028 (65) 
10 0-355 0-044 (77) 0-434 + 0-032 (74) 
7 0-334 +.0-027 (70) 0-339 + 0-042 (78) 
| 6 0-346 + 0-032 (133) 0-347 + 0-052 (78) 
4 0-321 +0-024 (116) 0-319+40-018 (51) 
3 0-339 4+ 0-046 (25) 0-348 + 0-032 (28) 
pathectomized 3 0-370 + 0-034 (107) 0-459* + 0-024 (43) 
2 0-365 + 0-040 (106) 0-412* +.0-033 (48) 
Adrenalectomized 3 0-383 +. 0-042 (78) 0-486* + 0-036 (28) 
- and 4 0-368 +.0-047 (39) 0-396* +.0-041 (29) 
Sympathectomized 2 0-357 + 0-046 (102) 0-442* + 0-043 (28) 
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Further examination of Table 2 reveals that there is no difference in the 
distribution of the observations around the mean frequency of the cardiac 
contractions during sleep and under pentobarbitone anaesthesia in atropinized 
normal, sympathectomized, and adrenalectomized-sympathectomized bitches. 


The effect of pentobarbitone on the responses of the heart rate to sympatho- 
mimetic amines, in atropinized bitches 

Mean curves, relating the percentage increase in the heart rate to the log- 
dose of amine salt were determined for each amine in each bitch during con- 
ditioned sleep. Fixed weights of each amine salt were given in random order 
on each experimental day, as previously described (Lockett, 1950a). Since the 
variation of the mean of the responses to a given weight of amine hydrochloride 
from day to day exceeded by more than seven-fold the variations recorded on 
a given day, the latter were neglected for purposes of this investigation, and the 
mean response to each dose of amine salt was plotted for each day, for each 
animal. The doses chosen lay on the linear part of the log-dose response curve 
of the respective amine in the particular animal. The weights of amine salt 
which would be required to produce both a 25 and a 10% increase in heart rate 
were read from the line established for the day. The mean slope of the line, each 
day, was expressed as the ratio of that weight of amine salt required to produce 
a 25% increase in the heart rate divided by the weight of amine salt which 
would produce a 10% response. The position of the line was then defined by 
the weight of amine salt needed to give a 25°% increase in heart rate. The 
linear parts of these log-dose response curves were determined during each 
experiment under pentobarbitone anaesthesia. 

Normal bitches. The effects of pentobarbitone anaesthesia on the linear 
sections of the curves relating the intravenous log-dose of sympathomimetic 
amine to the percentage increase in heart rate, are shown for a normal bitch, 
No. 7, in Fig. 1. The continuous black lines show the log-dose response curves 
as determined in five experiments under pentobarbitone, and the interrupted 
lines indicate the mean slope and position of the corresponding curve during 
conditioned sleep. In this animal, pentobarbitone caused a shift to the left in 
the curve for L-adrenaline, whereas the curve for pL-noradrenaline was flattened, 
but not greatly displaced. Although flattening also characterized the effect of 
pentobarbitone on the dose-effect curve for tyramine, the curve for B-pheny]- 
ethylamine remained almost unchanged. Close inspection of Fig. 1 reveals 
that the same weight of pentobarbitone similarly administered to a single 
atropinized bitch in different experiments produced changes that were not 
constant from one experiment to the next. The dose-effect curves for the separate 
amines were dissimilarly altered in different experiments; there were no pro- 
portionate relative changes in these curves which were constant from one 
experiment to the next. The corresponding curves for the effect of pento- 
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Fig. 1. Normal bitch, atropinized. Effect of pentobarbitone anaesthesia on responses of heart 
rate to sympathomimetic amines. Continuous lines, mean curves relating percentage increase 
in heart rate (ordinates) to weight of amine salt injected intravenously in five separate experi- 
ments on bitch 7 under pentobarbitone anaesthesia. Interrupted lines, corresponding mean 
curves during conditionedsleep. Abscissae, weight of amine salt :L-adrenaline and DL-noradren- 
aline in yg., tyramine and f-phenylethylamine in mg. Mean values in a single experiment are 
indicated by o—o, in another experiment by x — x, etc. 
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barbitone on the responses of the systolic blood pressure to the same sympatho- 
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mimetic amines in this same animal are found elsewhere (Lockett, 1951). 


Taste 3. Comparison of log-dose response curves for the action of sympathomimetic amines on 
the heart rate of atropinized normal bitches, during sleep and under pentobarbitone anaesthesia. 
(Position: yg. producing a 25 % increase in heart rate. Dose ratio: ag. producing a 25% increase 
in heart rate --yg. giving a 10% increase in heart rate. Significance of changes under anaesthesia 
was determined for means by ‘t’ tests corrected for difference in variance, and for scatter by 


‘z’ tests. Significance is indicated by asterisks; one, P<0-05; two, P<0-01.) 


Condition Bitch 


(S sleep, code 
A anaesthesia) no. 
8 6 
A 
8 7 
A 
8 8 
A 
8 10 
A 
8 
A 
8 7 
A 
8 8 
A 
S,A 10 
A 
Ac. Phosphate 
8 6 
A 
HCl 
8 7 
A 
HCl 
8 8 
A 
Ac. Phosphate 
8 10 
A 
8 6 
A 
8 7 
A 
8 8 
A 
8 10 
A 


Position (yg.) Dose ratio 
N Mean 8.D. Mean 
1-Adrenaline 

12 13-4 1-16 2-13 0-37 

5 7-3°* 1-14 1-78 0-44 

9 12-7 0-32 1-62 0-08 

5 8-1** 1-25** 169 0-15 

9 14-5 1-02 2-11 18 

4 7-6** 0-50* 1-45** 0-10 
10 17-9 0-88 2-56 0-24 

4 11-9** 1-43* 1-92 0-49 
pu-Noradrenaline hydrochloride 
12 16-4 1-50 2-56 0-28 . 

5 16-8 1-42 3-39* 0-61* 

9 12-7 0-21 1-77 0-02 

5 15-2 2-33** 2-23°* 0-38** 

9 15-3 1-50 2-57 0-24 

4 19-75* 1-92 2-77 0-13 
10 18-1 1-07 2-65 0-14 

18-2 2-56** 2-67 0-28* 

Tyramine salt 

12 1388 29 1-65 0-05 

5 1384 226** 1-67 0-30** 

9 1382 34 1-63 0-02 

5 1480 367** 1-91 0-38** 

9 1517 70 2-06 0-22 

4 1740 188** 2-56 0-57* 
10 2376 186 2-48 0-12 

4 2568 , 340* 2-14 0-19 
B-Phenylethylamine hydrochloride 
12 1591 239 2-10 0-52 

5 2708 1507** 2-41 1-16* 

9 1542 67 1-82 0-14 

5 1668 254** 1-63 0-63 

9 2320 274 2-05 0-29 

4 2170 202 2-32 0-46 
10 2390 318 2-07 0-29 

4 2595 214 2-29 0-04** 


Mean curves relating percentage increase in heart rate to log-dose are 
defined, in Table 3, for the action of four sympathomimetic amines in each of 
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four normal atropinized bitches during conditioned sleep. The#s curves are 
contrasted with the corresponding mean curves obtained from all experiments 
under pentobarbitone anaesthesia. Under pentobarbitone, in all four animals, 
the log-dose response curves for L-adrenaline were significantly shifted to the 
left, and, in three of these animals, tended to be more steep than during con- 
ditioned sleep. By contrast, the curves for pt-noradrenaline were either signifi- 
cantly flattened or were shifted to the right by pentobarbitone. Pentobarbitone 
did not alter the mean log-dose response curves for tyramine and f-phenyl- 
ethylamine. 

Comparison has been made of the day-to-day scatter of the two values, 
position and dose ratio, from the log-dose effect curves for the action of sympa- 
thomimetic amines on the heart rate of atropinized normal bitches during 
sleep, with the scatter of the corresponding values during pentobarbitone 
anaesthesia. Table 3 shows that pentobarbitone caused no significant change 
in the distribution of the observations about the mean slope ratio for L-adren- 
aline, but significantly increased the scatter of the corresponding observations 
for pDi-noradrenaline, tyramine and f-phenylethylamine. Pentobarbitone 
increased significantly the variability of the curve positions for all four amines. 

Sympathectomized bitches. The responses of the heart rate to the same four 
sympathomimetic amines were examined in three bitches from which the 
sympathetic chains had been removed from above the stellate ganglia down- 
ward into the pelvis. Comparison was made of the linear parts of the log-dose 
per cent response curves for the several amines in these atropinized animals 
both during sleep and under pentobarbitone anaesthesia. Bitches 1 and 2 were 
tested between the sixth and tenth week after sympathectomy, and bitches 
2 and 3 were examined at a later stage, but within 6 months of sympathectomy. 
There was no difference in the effect of pentobarbitone on the log-dose response 
curves for the four amines in the early period as contrasted with the late period 
after sympathectomy. The results are summarized in Table 4. 

Pentobarbitone caused significant displacement to the right of the curves 
for pi-noradrenaline, tyramine and f-phenylethylamine, at the 25% response 
level; pentobarbitone also produced significant flattening of the curves for 
tyramine, but not of those for B-phenylethylamine. By contrast, pentobar- 
bitone did not alter the curve position at the 25% response level, and caused 
no constant change of the slope ratio of the curves for L-adrengline. These 
results are illustrated for bitch 3 in Fig. 2. Comparison may be made between 
the effect of pentobarbitone on the responses of the heart rate to these amines 
(Fig. 2) and on the responses of the systolic blood pressure to these amines in 
the same sympathectomized ‘bitch (Lockett, 1951, figs. 4 and 5). , 

Comparison has been made of the day-to-day scatter of the two values, 
position and dose ratio, from the log-dose effect curves for the action of sympa- 
thomimetic amines on the heart rate of atropinized sympathectomized bitches 
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35 i-Adrenaline hydrochloride “Di-Noradrenaline hydrochloride 
/ 


Percentage increase in heart rate 


2 + 6 8 2 4 6 68 

35 Tyramine hydrochloride 4 a5 

30 


Percentage increase in heart rate 
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Fig. 2. Sympathectomized bitch, atropinized. Effect of pentobarbitone anaesthesia on responses 
of heart rate to sympathomimetic amines. Continuous lines, mean curves relating percentage 
increase in heart rate (ordinates) to weight of amine salt injected intravenously, in four ex- 
periments on bitch 3, between the 16th and 17th postoperative weeks, under pentobarbitone 


anaesthesia. Interrupted lines, corresponding mean curves during conditioned sleep. Abscissac 
as in Fig. 1. 
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during sleep, with the scatter of the corresponding values during pentobarbitone 
anaesthesia. Table 4 shows that pentobarbitone caused no significant change 
in the distribution of the observations about the means for L-adrenaline, but 
produced significant increase in the scatter of both groups of observations for 
pi-noradrenaline, tyramine and f-phenylethylamine. 


TaBLE 4. Comparison of log-dose response curves for the action of sympathomimetic amines on 
the heart rate of atropinized sympathectomized bitches, during sleep and under pentobarbitone 
anaesthesia. (Position: yg. producing a 25% increase'in heart rate. Dose ratio: yg. producing 
a 25% increase in rate+pg. giving a 10% increase in rate. Significance of changes under 
anaesthesia was determined for means by ‘t’ tests, corrected for difference in variance, and by 
‘2’ teste for scatter. Significance is indicated by asterisks: one, P <0-05; two, P<0-01.) 


Condition 
(8 sleep, 
A anaesthesia) Bitch Position (yg.) - Pose ratio 
(weeks after code — A 
sym ) ‘no. N Mean sD. Mean 8.D. 
L-Adrenaline 
(6-8) 8 r 6 4:7 0-20 2-06 0-17 
; A 3 5-0 0-38 2-82* 0-28 
(8-10) 8 2 9 48 0-70 2-03 0-30 
A 3 47 0-23 2-13 0-20 
(20-24) 8 2 9 5-2 0-70 2-04 0-30 
A 3 48 0-69 2-16 0-34 
(16-17) 8 3 s 58 0-19 2-73 0-14 
A 3 6°5 0-46 2-33* 0-06 
pu-Noradrenaline hydrochloride 
(6-8) 8 1 6 0-33 2-65 
A 3 11-7* 0-50 2-86 0-26** 
(8-10) 8 2 9 6-0 0-53 2-96 0-30 
A 3 9-1* 0-83 2-33* 0-14* 
(20-24) 8 2 9 0-35 2-64 0-34 
A 3 8-7* 0-67* 3-19 0-34 
(16-17) 8 3 s 6-9 0-21 1-62 0-14 
A 3 7-7 1-00 1-84 0-27* 
Tyramine hydrochloride 
(6-8) 8 1 6 700 83-7 1-77 0-26 
A 3 1523** 124-2 3-17* 0-63** 
(8-10) 8 2 9 592 68-0 2-23 0-19 
A 3 1293* 143-3* 2-65* 0-17 
(20-24) § 2 9 744 51-6 2-28 0-29 
A 3 1280* 216-6** 3-13 0-52 
(16-17) 8 3 . 670 7 1-97 
A 3 1294* 151-4** 2-79* 0-23** 
B-Phenylethylamine hydrochloride 
(6-8) 8 l 6 667 84:1 1-75 0-14 
A 3 1143* 90-7 2-70 
(8-10) §S 2 9 611 33-9 1-99 0-11 
A 3 1217 315-0** 2-88 0-52* 
(20-24) 8 2 9 88-9 4-66 0-42 
A 3 1910* 108-0 3-91 0-59 
16-17) 8 3 8 1000 51-0 2-52 0-11 
A 3 1447* 150-1** 2-92 0-30* 
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DISCUSSION 


The effects of pentobarbitone on the resting heart rates and on the responses | 


of the heart rate to four sympathomimetic amines have been determined in 
normal and sympathectomized bitches. These may be contrasted with the 
effects of pentobarbitone on the resting systolic blood pressure and on the 
corresponding responses of the systolic blood pressure (Lockett, 1951). The 
‘same animals were used for the two contrasted series of observations. 

In normal bitches pentobarbitone displaced the linear part of the log-dose 
response curves for the action of L-adrenaline on the systolic blood pressure 
more than the curves for pi-noradrenaline. By contrast, pentobarbitone 
’ caused increased steepness and a shift to the left in the linear part of the log- 
dose response curves for the action of L-adrenaline on the heart rate, but pro- 
duced significant flattening of the curves for pL-noradrenaline. Whereas the 
characteristic effect of pentobarbitone on the dose effect curves for the action 
of tyramine and -phenylethylamine on the systolic blood pressure of normal 
bitches had been flattening with displacement to the left, pentobarbitone did 
not alter the dose-effect curves for the action of tyramine and f-phenylethyl- 
amine on the heart rate. | 

In sympathectomized bitches pentobarbitone produced a flattening and 
a shift to the right in the dose response curves for the action of L-adrenaline, 
pL-noradrenaline, tyramine and f-phenylethylamine on the systolic blood 
pressure. The effects of pentobarbitone on the dose response curves for the 
action of these four amines on the heart rate differed, although the same animals 
were used for both sets of determinations. Pentobarbitone did not alter the 
dose response curves for the action of L-adrenaline on the heart rate of these 
sympathectomized animals; curves for 8-phenylethylamine underwent a simple 
shift to right, and those for noradrenaline and tyramine were both flattened and 
displaced to the right at the 25% response level, as a result of pentobarbitone 
anaesthesia. It has therefore been concluded, first, that the receptor response 
mechanisms for these two excitatory actions of the sympathetic nervous system 
(cardiac acceleration and rise in blood pressure) differ; secondly, that the 
four amines, adrenaline, noradrenaline, tyramine and £-phenylethylamine, 
although resembling one another in general effect and hence being classed as 
sympathomimetic, each differs from the other three in mode of action. 

Whereas pentobarbitone increased the variation in the resting systolic blood 
pressure of normal atropinized bitches, there was no significant difference 
between the variations of the resting systolic blood pressure in sympathecto- 
mized bitches during sleep and under pentobarbitone; and these latter varia- 
tions were similar to those found in normal dogs under pentobarbitone. Such 
experimental findings were attributed to a loss of sympathetic control of the 
systolic blood pressure during pentobarbitone anaesthesia. The lowered blood 
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pressure during deep and lower second-stage pentobarbitone anaesthesia in 
atropinized bitches could be similarly explained (Lockett, 1951). By contrast, 
pentobarbitone did not significantly alter the resting heart rate in any of six 
atropinized normal bitches, but significant slowing of the heart resulted from 
pentobarbitone in sympathectomized atropinized bitches. The observations 
suggest that a depressant action of pentobarbitone on the pacemaker is usually 
counteracted, even in the lower second stage of pentobarbitone anaesthesia, in 
normal bitches by an augmentation of sympathetic nervous activity. Such 
augmentation of sympathetic activity appeared in the resting systolic blood 
pressure only during very light pentobarbitone anaesthesia. An increase in 
the activity of the cardioaccelerator fibres might be offered in part explanation 
of the potentiation of the responses of the heart rate to L-adrenaline under 
pentobarbitone anaesthesia present only before sympathectomy. The ex- 
planation is however inadequate, for it does not explain the simultaneous 
depression of the responses of the heart rate to noradrenaline. A further 
hypothesis is advanced. If t-adrenaline were the normal mediator of the 
sympathetic impulse at the termination of the cardiac accelerator fibres and 
noradrenaline produced its effect on these receptors only after methylation, then 
pentobarbitone might depress this enzymatic methylation and so depress the 
noradrenaline response. It cannot be argued that the receptor response system 
as a whole is greatly depressed since the adrenaline response is potentiated in 
normal dogs. A similar hypothesis might be offered to explain the greater 
depression by pentobarbitone of the responses of the systolic blood pressure to 
adrenaline than to noradrenaline. If noradrenaline were the chemical agent of 
sympathetic transmission, and adrenaline could produce its action only after 
demethylation, and if the process of demethylation were depressed by pento- _ 
barbitone, the results would be explained. Some depression of the receptor 
response mechanism by pentobarbitone would account for absence of potentia- 
tion of the noradrenaline response. Biilbring & Burn (1949) found that methyla- 
tion of noradrenaline can occur in the suprarenal gland ; this gland is a specialized 
postganglionic neurone; such methylation and demethylation might well be 
associated with every adrenergic postganglionic fibre termination. The fact 
that, in anaesthetized animals, the responses of the heart rate to sympathetic 
stimulation are only with difficulty affected by dibenamine (Lockett, 19506) 
might be cited as evidence to confute the belief that the agent of transmission 
for sympathetic impulses accelerating heart rate is adrenaline. It is possible, 
however, that the dibenamine effect will ultimately be explained without re- 
sorting to the hypothesis that the sympathin involved is noradrenaline. The 
fact that the latent period for the effect of noradrenaline on the heart rate is 
less than the latent period for the effect of adrenaline on the heart rate presents 
a considerable challenge to the hypothesis offered, in this paper, to explain the 
recorded observations. 
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SUMMARY 


1. Comparison has been made of the heart rates of atropinized bitches 
(normal, sympathectomized, and adrenalectomized-sympathectomized) during 
conditioned sleep, and under lower second-stage pentobarbitone anaesthesia. 
Whereas pentobarbitone caused no significant change in the heart rates in six 
normal bitches, it slowed the heart significantly in both sympathectomized 
and adrenalectomized-sympathectomized bitches (Table 2). 

There was no difference between the standard deviations of single observa- 
tions of heart rates during sleep and under pentobarbitone anaesthesia in these 
three types of bitch. 

2. Heart rate dose response curves have been compared in atropinized 
bitches during conditioned sleep and under pentobarbitone anaesthesia for the 
four amines: L-adrenaline, pL-noradrenaline, tyramine and B-phenylethylamine. 

(a) In four normal animals the characteristic changes produced by pento- 
barbitone anaesthesia in the mean log-dose per cent response curves were: 
steepening of the curve for t-adrenaline; flattening or diplacement to the right 
of the curves for pi-noradrenaline, and no alteration in the curves for tyramine 
and £-phenylethylamine (Fig. 1 and Table 3). 

(b) In three sympathectomized bitches, the characteristic effects of pento- 
barbitone on these mean dose response curves were: a normal or steepened 
curve for t-adrenaline, and curves flattened and with a shift to the right for 
DL-noradrenaline, tyramine and £-phenylethylamine (Fig. 2 and Table 5). 

(c) In normal and in sympathectomized bitches, the standard deviations of 
the single observations relating both to slope and to position of the mean log- 
dose per cent effect curves were similar for L-adrenaline during sleep and under 
pentobarbitone, but one or both of these values were changed by pentobar- 
bitone for pi-noradrenaline, tyramine and £-phenylethylamine. 

3. The effects of pentobarbitone on the heart rate, and the responses of the 
heart rate to sympathomimetic amines on the one hand, and on the systolic 
blood pressure and the responses of the systolic blood pressure to sympatho- 
mimetic amines on the other hand, are found to be very different. 


A part of the expense of this work was defrayed by grants from the Medical Research Council. 
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OBSERVATIONS ON THE ACTION OF THE HYDRO- 
GENATED ALKALOIDS OF THE ERGOTOXINE GROUP 
ON THE CIRCULATION IN MAN 


By H. BARCROFT, H. KONZETT ann H. J. C. SWAN 
From the Sherrington School of Physiology, St Thomas’s Hospital, London 
(Received 3 March 1950) 


In 1906 Dale described the pharmacological action of preparations of ergot of 
rye. He found that small doses caused stimulant effects on plain muscular 
organs, while large doses paralysed the excitor functions of sympathetic nerve 
stimulation and of adrenaline. An important step in the chemistry of ergot was 
marked by the investigations of Stoll & Hoffman (1943a) who showed that 
ergotoxine is made up of three alkaloids—ergocornine, ergocryptine and 
ergocristine. The same workers (19435) found that one of the double bonds of 
the lysergic acid molecule contained in each of these alkaloids could easily be 
hydrogenated to form dihydroergocornine, dihydroergocryptine and dihydro- 
ergocristine. These new substances were stable and possessed useful properties. 
Rothlin (1944), Rothlin & Briigger (1945), Rothlin (1947a, 6) and Cerletti, 
Bircher & Rothlin (1949) investigated their pharmacology in animals and found 
that they differed from the natural alkaloids in being much less toxic and in 
having a vasodilator activity. Their vasodilator action was partly central and 
partly due to peripheral ‘sympatholytic’ and ‘adrenolytic’ action. 

The diminished toxicity of the hydrogenated alkaloids of the ergotoxine 
led to the investigation of their action in man and the vasodilator property 
suggested their trial in the treatment of hypertension and vasospastic disease. 
The studies made by Bluntschli & Goetz (1947), Freis, Stanton & Wilkins 
(1948), Goetz (1949), Goetz & Katz (1949) and Hayes, Wakim, Horton & Peters 
(1949) relate chiefly to the action of dihydroergocornine, and to a lesser extent 
to the action of the other two alkaloids. 

Freis et al. (1948), Goetz (1949) and Hayes et al. (1949) found that the 
hydrogenated alkaloids depressed the heart rate in most subjects. Bluntschli & 
Goetz (1947) and Goetz (1949) found a fall in the arterial blood pressure in 
normal subjects; Hayes et al. (1949) did not observe any significant change. 
In hypertensives all these observers found a fall in arterial blood pressure and 
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this has been confirmed by Freis, Stanton, Litter, Culbertson, Halperin, Corbin 
Moister & Wilkins (1949). Hayes et al. observed an increase in the blood flow 
to the whole limb, and Goetz (1949) found an increase in the blood flow to the 
fingers: both authors used plethysmographs. Freis et al, (1948) demonstrated 
‘sympatholytic’ properties in man—postural hypotension and diminution of 
reflex sympathetic vasoconstriction, and ‘adrenolytic’ properties—the inhibition 
of adrenaline-induced hyperglycaemia. 

The object of this paper is to describe further experiments on the action of 
the dihydro-alkaloids on the human circulation. Dihydroergocornine (DHO) 
has been used in some experiments and in others we have used a mixture of 
equal amounts of the three hydrogenated alkaloids of the ergotoxine group 
(Hydergine, CCK). Hydergine is said to have less symptomatic effect—i.e. to 
produce less nausea, vomiting or headache than dihydroergocornine, yet to 
retain the other properties of vasodilatation, adrenaline reversal, etc., both in 
animals and in man. 

EXPERIMENTAL 


The subjects were twenty-two normal, seven hypertensive and two sympathectomized men and 
four sympathectomized women. Each subject came to the laboratory and rested for an hour before 
experimental observations were made. Meantime, plethysmographs were fitted to the hand, 
forearm, foot or calf as appropriate. The plethysmographs were filled with water maintained at 
a constant temperature (between 32 and 35° C.) in most experiments, in some they were air filled 
(Barcroft & Edholm, 1946). A sphygmomanometer cuff was fitted to the left forearm. A needle 
mounted in a length of polythene tubing of 2 mm. bore connected to a 50 o.c. syringe was inserted 
into a vein in the right forearm for intravenous infusion, into the femoral or brachial artery for 
intra-arterial infusion, The syringe was driven mechanically so that it delivered 4 c.c. saline per 
min. irrespective of the force to be overcome. Accurate rates of infusion could be maintained 
against the arterial blood pressure. The apparatus drove two syringes independently so that only 
a couple of seconds might be lost in changing from the syringe containing saline to the one containing 
the drug and vice versa. 

It should be noted that the circulation in the hands and feet is mainly through the skin, in the 
forearm and calf it is mainly through muscle. 


RESULTS 
The effect of the hydrogenated alkaloids on the heart rate, arterial blood 
pressure and blood flow in the limbs 

The data obtained in one of the experiments is shown in Fig. 1. They are 
fairly typical except that the blood flow through the calf fluctuated much more 
than usual. 

The results on ten normal subjects are summarized in Table 1 and shown 
diagrammatically in Fig. 2. | 
The heart rate was scarcely changed. Table 1 shows that there was an average 
increase of +5% (range —4 to +18%). The arterial blood pressure was 
practically unaltered. There was 0 % change in the average systolic pressure 
(range +6 to —5 %) and —1 % change in the average diastolic (range +8 to 
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—14 %). The blood flow in the hand and foot was considerably increased. The 


average increase was’+118 % (range +400 to +19). The blood flow through 
the calf was hardly affected, being increased on the average by only +14% 


(range +75 to 0 %). 
| CCK | 
0-6 mg. 


Arterial blood pressure 


Heart rate 


Hand Hoot tow 


Calf blood flow oe | | 


Blood flow (c.c/100 c.c. limb/min.) 


Minutes 


Fig. 1. Results of ari intravenous infusion of 0-6 mg. of a mixture of equal parts of dihydroergo- 
cornine, dihydroergocryptine and dihydroergocristine (Hydergine, CCK) in a normal subject. 


The results in the seven hypertensives, said to be more sensitive to the 
hydrogenated alkaloids than normal subjects, are shown diagrammatically in 
Fig. 2. They resemble those obtained on the normals except that there was 
a fall in the arterial blood pressure (systolic —12%, range —4 to —22; 
diastolic —6 %, range 0 to — 16). 

In general, neither the normal nor the hypertensive subjects noticed any 
unpleasant effects other than some nasal congestion. This could be relieved by 
instilling a few drops of 4% ephedrine. However, four subjects experienced 
nausea, three vomited and three had vaso-vagal attacks—one with loss of 
consciousness. These unpleasant symptoms were almost confined to the 
subjects who had had dihydroergocornine. 
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Experiments on the cause of the vasodilatation in the skin 


The vasodilatation in the skin might be brought about in one or more of four — 


distinct ways: 

(1) Direct vasodilator action on the walls of the blood vessels. 

(2) Blocking of the sympathetic vasoconstrictor nerve endings on the 
vessels, 

(3) Depression of transmission in the sympathetic ganglia. 

(4) Inhibition of the vasomotor centre or synapses in the central nervous 
system. 


Blood flow (c.c./100 c.c. hand/min.) 


vo 


Minutes 


Fig. 3. Results of an intra-arterial infusion of 0-2 mg. of dihydroergocornine (DHO) 
into the right brachial artery. 


It was not necessary to consider the possibility of stimulation of vasodilator 
nerve endings since these are not present in the vessels of the normal hand 
(Arnott & Macfie, 1948). | 

An attempt was first made to decide whether the vasodilatation observed 
was due to a local peripheral effect. Fig. 3 shows the effect of an infusion of 
“Hydergine’ into the right brachial artery of a normal subject while the blood 
flow was being recorded in both hands. It will be seen that increase in blood 
flow took place in the right but not in the left hand. That is, the ‘Hydergine’ 
caused vasodilatation in the hand of the arm into which it was infused but none 
in the hand of the opposite arm. Table 2 and Fig. 2 summarize the results of 
five intra-arterial infusions and prove conclusively that the hydrogenated 
alkaloids have a peripheral vasodilator action. 
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Tastz 2. The effect of intra-arterial administration of the hydrogenated alkaloids 
of the ergotoxine group on the blood flow in the hand and foot. 


Ipsilateral hand or foot flow 
A ~ Flow after 
Dose of Hand in contra- 
alkaloid or (ml./100 ml. hand 
Subject (mg.) foot limb/min.) After (%) or foot 
ll 0-3 CCK F. 78 19-4 +149 —_ 
12 0-3 CCK F. 3-5 9-6 +174 _ 
13 0-3 CCK H. 3-8 10-2 +169 3-8 
0-25 CCK H. 2-8 12-8 + 280 13 
31 0-12 CCK H. 19 13-6 +618 1-7 
Average +230 


The question then arose as to whether this was due to direct action on the 
vessel walls or to a blocking of the tonic sympathetic constrictor impulses at the 
neurovascular junction. Experiments were done on the sympathectomized 
subjects to demonstrate the action of the alkaloids on the denervated vessel. 


| 05mg. DHO | 


Blood flow (c.c/100..c. limb/min.) 


Sympathectomized 
hand 


60 
Minutes 
Fig. 4. Results of an intravenous infusion of dihydroergocornine on the blood flow in the 
normally innervated foot and in the sympathectomized hand. 


Fig. 4 shows the effect of intravenous infusion of ‘ Hydergine’ into a subject 
who had been sympathectomized for hyperhidrosis. He had no vascular disease. 
The figure shows that the vessels in a normally innervated foot dilate but those 
in a sympathectomized hand constrict in response to this compound. The effects 
obtained in other sympathectomized subjects are shown in Table 3 and Fig. 2. 
These experiments showed that the hydrogenated alkaloids of the ergotoxine 
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group, when given intra-arterially, tend to constrict rather than to dilate 
denervated vessels. After intravenous administration, however, a vasodilatation 
occurred more often than a vasoconstriction. It followed that the marked 
peripheral dilatation in normal hands and feet may have been due, at least in 
part, to blocking of the tonic sympathetic vasoconstrictor nerve impulses at the 
Taniz 3. The effect of the hydrogenated alkaloids of the ergotoxine group on the 
blood flow in the sympathectomized hand. 


Hand flow 
Dose of How (ml./100 ml. 

Subject alkaloid administered limb/min.) After (% 
- 2 Arterial 6-0 5-0 -17 
27 0-25 DHO Arterial 8-0 10 ~ 88 

7 0-6 CCK Venous 13-0 70 — 46 

oo] Venous 10-0 12-0 +20 

34 0-25 DHO Venous 8-0 10-5 +31 
35 0-56 DHO Venous 6-0 6-5 +8 


The fact that the intra-arterial introduction of the dihydro alkaloids in normal 
subjects caused vasodilatation did not of course rule out the possibility that when 
given intravenously they might have had a central vasodilator effect. Experi- 
ments to test this were done as follows. It will be remembered that intra- 
arterial injections of the alkaloids increased the circulation in the ipsilateral 
but not in the contralateral limb (Table 2). Large doses of the alkaloids were 
given and the absence of any effects in the other limbs can only be explained 
on the assumption that the alkaloid was almost completely abstracted 
from the blood on its way through the limb before it reached the general 
circulation. The rapidity with which the alkaloid leaves. the circulation was 
also investigated in rabbits by Rothlin (19476), who found that more than 99 °%/ 
of an intravenous dose has left the blood in 5 min. This principle was the basis 
of the experiments done to see if the alkaloids had a central vasodilator action. 
Further details are shown in Fig. 5. 

The blood flow was determined in both hands of a normal subject. A pre- 
liminary control experiment was done in which the circulation to the left hand 
was arrested for 10 min. and the subsequent reactive hyperaemia was recorded. 
After a basal period the circulation in the left hand was arrested again for 10 min. 
During the first 34 min. of the arrest dihydroergocornine was infused intra- 
venously into the right arm, and caused vasodilatation in the right hand (Fig. 5). 
Almost all of the dihydroergocornine would have left the general circulation 
during the remaining 6} min. of the arrest. It is most unlikely that there could 
have been enough of it in the blood to have any peripheral vasodilator action 
on the left hand after the circulation to it was restored. Yet Fig. 5 shows that 
after releasing the circulation there was persistent vasodilatation. This must 
have been due to the dihydroergocornine acting centrally—either on the 
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vasomotor centre or on the sympathetic ganglia. The same result was obtained 
in three of four experiments. 

To sum up, the dihydro alkaloids caused vasodilatation in the skin of the 
hands and feet by inhibition of the vasomotor centre, and possibly also by . 
blocking the sympathetic vasoconstrictor impulses at the nerve endings. 
Recent experiments by Konzett & Rothlin on the isolated perfused superior 
cervical ganglion of the cat has excluded any blocking action of the alkaloids on 
the sympathetic ganglia. 


Blood flow (c.c./100 c.c. hand/min) 


o 


0 12 2 24 y ; 
Minutes 


Fig. 5. Experiment showing that dihydroergocornine has also a central vasodilator action. 
For further details see text. 


Possible latent constrictor action of the dihydro alkaloids of ergotowine 
on normal vessels 

The experiments just described suggested that in the normal hand and foot 
the vasodilator action due to the blocking of tonic sympathetic vasoconstriction 
might outweigh a much less powerful direct constrictor action. It occurred to 
one of us (H.J.C.8.) that it might be possible to demonstrate a direct constrictor 
action in normal vessels which had had their sympathetic tone released by body 
warming. Fig. 6 is from an experiment in which the infusion of dihydroergo- 
cornine into the right brachial artery caused an increase in the blood flow 
in the ipsilateral but not in the contralateral hand. Body warming to remove 
sympathetic tone from both hands increased the flow in the contralateral hand 
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far more than it did in the ipsilateral hand. The reason for this may well have 
been that the vasoconstrictor action of the dihydroergocornine had prevented 
the blood vessels of the ipsilateral hand from dilating fully. More experiments 
are needed to decide this question. 


Biood flow (c ¢ /100 c.c. hand/min 


6 16 
Minutes 


_ “Fig. 6. Intra-arterial infusion of dihydroergocornine into the right brachial artery followed 
by immersion of both feet in water at 45° C. For discussion see text. 


Experiments on the blocking action of the hydrogenated alkaloids on the 
effects of adrenaline and of noradrenaline 
fubitnaces which block sympathetic nerve endings are said to be even more 
effective in blocking the action of sympathomimetic substances (Nickerson, 
1949). We therefore studied the effect of two naturally occurring amines— 
adrenaline and noradrenaline—before and after administration of the dihydro 
| compounds. 
| The effect of the ergot derivatives on the adrenaline responses is shown in 
Figs. 7 and 8 and in Tables 4 and 6. The results are summarized in Fig. 2. The 
effect of an infusion of adrenaline on the heart rate is to cause an initial 
acceleration which later disappears to a large extent. In the tables the heart 
rate given is the rate at the peak of the quickenings. It will be seen that the 
acceleration after the alkaloids was slightly less than before; the same result was 
observed by Freis et al. (1949). 
An infusion of adrenaline has a biphasic effect on the blood pressure; an 
initial fleeting fall of a few mm. is followed by a sustained rise (Gordon & Levitt, 
1935; Allen, Barcroft & Edholm, 1946). The blood-pressure readings in the 
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Fig. 7. Results of intravenous infusions of adrenaline and of noradrenaline before and after an 
intravenous infusion of Hydergine in a normal subject. 
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Hypertensive 


Arterial blogd pressure (mm. Hg) 


_ Heart rate 
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Calf 
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Fig. 8. Results of intravenous infusions of adrenaline and of noradrenaline before and after an 
intravenous infusion of Hydergine in a hypertensive subject. 
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TaBex 4. The effect of intravenous administration of the hydrogenated alkaloids of the ergotoxine group on the responses of the circulation to adrenaline 
Be- 
fore 


+320 


44 
18 HS +53 10 


—T4 


127 
99 
122 


+51 110 
+53 
+86 
+41 
+36 114 
+51 


-79 13 


+57 100 
+36 


Calf flow 


Before 


Hand and foot flow 
Before 


pressure 


Heart 


Dose of Diastolic 
Before After (%) (mm. Hig) After (mm. Hg) After ‘limbfmin.) After After 


Dose of 
alkaloid 
(mg.) 


TaBLE 5. The effect of intravenous administration of the hydrogenated alkaloids of the ergotoxine group on the responses of the circulation to noradrenaline. 
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experiments just described were only taken at } min. intervals so that fall was 
frequently missed. Table 4 and Fig. 2 show that the initial fall was greater in 
the hypertensives than in the normals and that it was rendered more conspicuous 
by administration of the alkaloids. However, the alkaloids did not diminish 
the subsequent’rise. 

Tables 4 and 6 and Fig. 2 show that the alkaloids had no blocking effect on the 
constrictor action of adrenaline on the hand or foot. As regards the calf, here 
too the blood flow shows a biphasic change during an infusion (Allen e¢ al. 1946): 
there is an initial dilatation in the muscle followed by a return nearly to the 
resting level. It will be seen that the alkaloids did not have much effect on the 
biphasic adrenaline response in the vessels of the calf. 


TaBiz 6. The effect of intra-arterial administration of the hydrogenated alkaloids of the 
ergotoxine group on the responses of the circulation to adrenaline and to noradrenaline. 


Initial 
flow 
Dose of (ml./ increase 
alkaloid “a ‘Blood Change Endof Change 
Subject (mg.) boy 3min.) Part min.) flow (%) infusion (%) 
(a) Adrenaline 
Before hydrogenated alkaloid of ergot 
4 C. 2-5 10-0 +300 405 - 80 
12 3 F. 31 — 8 —74 
After hydrogenated alkaloid of ergot 
a 0-3 CCK 3 C, 2-4 78 +220 0-6 —75 
12 0-3 CCK 3 F 6-0 0-5 —92 
13 0-8 CCK 25 F 8-0 — 0-3 - 96 
(6) Noradrenaline 
Before hydrogenated alkaloid or 
ll F 75 — 0-9 —88 
2 3 Cc. 43 1-1 —74 
After hydrogenated alkaloid of ergot 
0-3 CCK 3 F. 16-0 0-8 95 
2 0-3 CCK 3 C. 3-3 — oa 0-9 -73 


The effects of the dihydro alkaloids on the noradrenaline responses are shown 
in Figs. 7 and 8 and in Tables 5 and 6 and are summarized in Fig. 2. The nor- 
adrenaline bradycardia was unchanged by the alkaloids. The pressor action of 
noradrenaline on both systolic and diastolic pressure was scarcely affected by 
the alkaloids in the normals, and actually seemed to be enhanced in the 
hypertensives. Thirdly it will be seen that the constrictor action of noradrena- 
line in the vessels in the hand, foot and calf was not blocked by the dihydro 
compounds. 

Fig. 9 is from an experiment in which the procedure was changed, the 
alkaloid being administered during the course of an adrenaline infusion. In 
_ this case it did appear to cause a slight decrease in the pressor action of the 
adrenaline. A similar result was obtained by Freis ef al. (1948). 
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DISCUSSION 

It will be remembered that other observers found that the alkaloids depress 
the heart rate in most subjects; for some unknown reason the results described 
here on ten normal subjects did not confirm this. We did not include in our 
series heart rates during vaso-vagal attacks as we regarded the bradycardia in 
these cases as being a consequence of the vaso-vagal syndrome (Barcroft, 
Edholm, McMichael & Sharpey-Schafer, 1944), rather than a direct result of the 
alkaloid. 


Adrenaline (10 g/min.) 


Arterial blood pressure (mm. Hg) 
j 


: 


Blood flow (c.c/100c.c. limb/min.) 


Minutes 


Fig. 9. Results of an experiment in which 0-5 mg. Hydergine was infused intravenously during an 
intravenous infusion of adrenaline at the rate of 10ug./min. For discussion see text. 

Our result confirms the finding of Hayes et al. (1949) that the hydrogenated 
alkaloid scarcely affects the blood pressure in normal recumbent subjects but 
causes @ significant fall in hypertensives. y 

The finding of vasodilatation in the limbs confirms previous work (Goetz, 
1949; Hayes et al. 1949) and we confirm Freis e¢ al. (1949) that this takes place 
almost entirely in the hands and feet and scarcely at all in the calf. The 
implication of this is that it occurs in the vessels of the skin but hardly at all 
in those of muscle. It is probably significant that sympathetic vasoconstriction 
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is much stronger in the skin than in muscle, On the basis of finger temperature 
measurements Freis et al. (1949) concluded that the dilatation in the fingers was 
not maximal; the same we find is true of the vasodilatation in the hands. 

The only occasion on which we observed marked vasodilatation in the calf was 
with the onset of a vaso-vagal attack; and in this case the increase in muscle 
blood flow was probably associated more with the fainting reflex (Barcroft 
et al. 1944) than with the immediate pharmacology of the ergot derivative. 

As regards the mechanism of the dilatation in the hand and foot Goetz (1949) 
concludes that it is due to a central action of the alkaloids because sym- 
pathectomized limbs fail to dilate, an observation which we have confirmed. 
Goetz’s conclusion is based on the assumption that if the alkaloids had a peri- 
pheral vasodilator action in normal limbs, they would have had a vasodilator 
action in sympathectomized ones too, This is not necessarily so. A substance 
causing vasodilatation in normal limbs by blocking sympathetic constrictor 
impulses would not be expected to cause vasodilatation in sympathectomized 
limbs. In such limbs vascular tone is maintained by some quite different 
mechanism, i.e. probably by intrinsic contraction of the smooth muscle (Cannon, 
1937). Failure of the vessels of sympathectomized limbs to dilate therefore 
does not exclude a peripheral action in normal ones. The evidence put forward 
in the preceding pages favours a central and peripheral vasodilator action of 
the alkaloids in man. | 

However, we are in agreement with Goetz (1949) that after intravenous 
administration of the alkaloids the central vasodilator action is probably much 
more important than the peripheral. Our conclusion is based on the assumption 
that the amount of alkaloids reaching the hand in the intravenous experiments 
(Table 1) was only about 1/25 of that reaching it during the intra-arterial 
experiments (Table 2). The peripheral effect of the alkaloids in the intravenous 
experiments was probably very small. | 

In spite of the blocking action of the alkaloids on the sympathetic nerve 
endings there remains the very remarkable fact that in our experiments these 
drugs appear to have had hardly any antiadrenaline action on the blood pressure, 
heart rate or circulation in the extremities in man. 

In this respect our findings differ from those of Goetz & Katz (1949) who 
concluded that the alkaloids cause a definite suppression or reversal of the 
action of adrenaline on the blood pressure. This conclusion was based on the 
observation that adrenaline caused a fall of blood pressure in subjects after 
administration of the alkaloids. The infusions lasted 1-2 min. Had they lasted 
a little longer the usual rise in blood pressure would probably have been recorded 
(see Figs. 7 and 8, and Table 4 of this paper). It will be remembered that an 
infusion of adrenaline in a normal subject causes a biphasic effect on the blood 
pressure—a small fleeting initial fall, followed by a rise lasting till the end of 
the infusion (Gordon & Levitt. 1935; Allen et al. 1946). In our experiments, 
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especially in those on hypertensives, the initial fall was more conspicuous after 
the alkaloids, but so was the succeeding rise. On balance the action of the 
adrenaline in the experiments described above could not be said to have been 
suppressed or reversed by previous administration of the alkaloids. 

Kappert (1949) concluded that dihydroergocornine reversed the action of 
' adrenaline on the skin vessels because he observed a rise in finger skin tem- 
perature during infusion of adrenaline after the alkaloids. In our plethysmo- 
graphic experiments adrenaline always decreased the blood flow in the hand 
to much the same extent whether it was infused before or after the alkaloids. 
There was no evidence that the alkaloids had any antiadrenaline action on the 
circulation through the hand. 

At present we cannot explain the striking difference in the antiadrenaline 
actions of the hydrogenated alkaloids of the ergotoxine group in man and 
animals. It may be that the doses of adrenaline used in this investigation were 
above the normal limit of the physiological range for man. Stein, Harpuder & 
Byer (1949) have shown that-the-vessels of the foot constrict with intra-arterial 
doses of adrenaline as small as 0-01 yg. 

At this point it is interesting to compare the pharmacological actions of the 
alkaloids in man, so far as we have observed them, with those found by 
Rothlin (19476) and Cerletti e al. (1949) in animal experiments: 


Man Animals (Rothlin) 
_ Heart rate No effect Isolated heart, no effect. 
Whole animal, bradycardia 
Arterial pressure Normal su no effect. Depressor in the intact 
Central blocking action of Yes Yes 
sympathetic vasomotor tone 
action of Yes Yes 
sympathetic vasomotor tone 
Block of adrenaline con- Hardly any Yes 
striction 


Direct action on blood vessels Tendency to constriction Constriction 
Removal from blood Very rapid 99 %+ in 5 min. 


In a recent review Nickerson (1949) points out the inaccuracy of the term 
“sympatholysis’ and ‘adrenolysis’. He stresses the fact that no component of 
adrenergic nervous transmission—‘neither nerve ending, nor mediator, nor 
effector cell’ is ‘lysed’ by the group of drugs which inhibit the response of the 
. Sympathetic nervous system. He suggests that the more accurate terms 
‘adrenergic blocking agent’ and ‘adrenergic blockade’ should be employed. 
The term adrenolytic may be used when the destruction of adrenaline in the 
tissues is implied, but the alkaloids of ergot have not this action as far as is 
known. Secondly, he regards as confusing the reference to central effects as 
‘sympatholytic’ and restricts his alternative terms to blocking of the effector 
cell—i.e. peripheral effect. — 
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Accurate localization of the site of action of the hydrogenated alkaloids of 
the ergotoxine group in man is a matter of extreme difficulty. In all probability 
an observed effect, such as a fall in the blood pressure, is a balance or sum of 
several primary and secondary actions (Freis e¢ al. 1949). Thus, although we 
have shown that the effect of both ‘Hydergine’ and dihydroergocornine on the 
blood vessels of the skin is dilator, it does not follow that a comparable sym- 


pathetic blocking effect occurs in other areas which have a sympathetic in- ' 


nervation. On the contrary, Wilkins, Freis & Stanton (1949) have shown that 
the intravenous injection of dihydroergocornine often reduced both renal and 
hepatic blood flow. Grayson & Swan (1950) have observed that intravenous 
injection of the alkaloids causes a fall in the temperature of the exteriorized 
bowel in patients who had undergone colostomy. This effect was considered to 
be evidence of diminished blood flow through the colonic circulation and has 
been observed in both normotensive and hypertensive subjects. The latter 
workers have alsoshownthat Hydergine and dihydroergocornine injected locally 
into the bowel produce a rise in temperature there which they interpret as 
a vasodilatation. Finally, Hafkenschiel, Crumpton, Mayer & Jeffers (1949) 
conclude that dihydroergocornine causes a dilatation of the cerebral blood vessels 
of hypertensive but not of normal subjects. It is clear that the effects of the 
alkaloids on the intact circulation are very complex. 


SUMMARY 


1, The action of dihydroergocornine and of a mixture of equal amounts of 
dihydroergocornine, dihydroergocryptine and dihydroergocristine on the cir- 
culation have been studied in man. 

2. They have little effect on the arterial blood pressure in normal subjects 
but cause a significant fall in hypertensives. 

3. They cause vasodilatation in the extremities. This is conspicuous in the 
specialized circulation of the hands and feet. There is little sign of it in muscle. 

4. The vasodilatation is brought about by the action of the hydrogenated 
ergotoxine alkaloids: (a) peripherally to a small extent by blocking the tonic 
sympathetic vasoconstrictor impulses at the nerve endings; (b) mainly centrally, 
causing inhibition of the vasomotor centre. 

5. In sympathectomized subjects the alkaloids when given intra-arterially 
tended to cause constriction in the hands and feet. Intravenously, however, 
a vasodilator action was seen in three out of four subjects. 

6. Although the alkaloids block sympathetic nerve endings in the limbs they 
have hardly any such action on the effects of infusions of adrenaline and of 
noradrenaline (5-10 yg./min.) on the arterial blood pressure and the blood flow 
in the extremities, The reason for this discrepancy is unknown. 

7, The alkaloid leaves the human circulation very rapidly. 
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HAEMOGLOBIN FORMATION IN RABBITS 


By A. NEUBERGER anv JANET 8. F. NIVEN 
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(Received 20 March 1950) 


Various methods have been used to estimate the life span of red cells in different 
species. For erythrocytes of normal man four independent methods have given 
results which agree closely. Data obtained by estimating with the agglutination 
method of Ashby (1919) the survival of cells derived from a blood group O 
donor and injected into a blood group A recipient were subjected to a mathe- 
matical analysis by Callender, Powell & Witts (1945) who found an average life 
span of 120 days. A similar result using an identical mathematical treatment 
was obtained by Jope (1946) who estimated the disappearance of sulphaemo- 
globin from the blood of subjects who had been in contact with trinitrotoluene 
immediately before the beginning of the experiment. The assumption implied 
in both methods is that the labelled cells have the same life span as the normal 
cells of the experimental subject. Shemin & Rittenberg (19464, b) measured 
the rate of disappearance of *N in the haemin isolated from subjects given 
isotopic glycine and showed that the average ‘life span’ of the haemoglobin 
molecule is about 120-125 days. A similar figure was obtained by Gray, 
Neuberger & Sneath (1950) who followed the “N content of the stercobilin 
excreted by a normal subject fed isotopic glycine. The good agreement found 
between methods employing isotopic and non-isotopic labelling indicates that 
the haemoglobin in the circulating red cell of man is metabolically inert until 
the cell disintegrates. Isotope methods are more accurate than the other 
labelling techniques and give more detailed information about the distribution 
of life spans in a red cell population. The assumption which is made with all 
four methods that the rates of daily production and destruction are constant 
and equal, appears to be justified, at least in man, by the remarkable success 
which has been achieved in the quantitative interpretation of the data. 
Reliable data for few species other than man are available. Hawkins & 
Whipple (1938), working with bile fistula dogs, measured the interval between 
maximum regeneration of blood after bleeding or phenylhydrazine administra- 
tion and the peak of increased excretion of bile pigments, and deduced from 
their results that the average life span of the dog red cell is about 125 days. 
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Grinstein, Kamen & Moore (1949) used carboxyl-labelled glycine and deter- 
mined the rate of decrease of activity in the globin. For two dogs the values 
75 and 95 days respectively were obtained. Recently, Bale, Yuile, de la Vergue, 
Miller & Whipple (1949) fed pi-lysine labelled with 1C to a dog and determined 
the radioactivity of the globin over a long period. Their figures indicate that 
the average life span of the red cell of the dog is about 110-115 days. Ponticorvo, 
Rittenberg & Bloch (1949), using the rate of incorporation of deuterium- 
labelled acetate into the haem of the haemoglobin, estimated the average life 
span of the red cell of the rat to be about 100 days. 

The present paper is concerned with haemoglobin formation in the rabbit 
and the life span of the rabbit erythrocyte. Previous estimates of the latter 
vary within wide limits. Eaton & Damren (1930) found that after a haemor- 
rhage rabbits show two or three reticulocyte responses, the second and third 
occurring about 8-17 days respectively after the first reticulocyte peak. They 
assumed that these later increases of reticulocytes are caused by the death of 
cells formed immediately after haemorrhage. It was deduced that the life span 
of these cells and presumably also of normal rabbit red cells is 8-9 days. Kurtz 
(1937) assumed that all rabbit erythrocytes appear first in the circulation as 
reticulocytes and lose their reticulum within 24 hr. On the basis of these two 
assumptions and observed reticulocyte counts the life span of the rabbit red 
cell was calculated to be about 42 days. More recently, Davis (1943) used the 
rate of fall produced by various drugs on the red cell count of polycythaemic 
animals and obtained figures of 20 and 22-4 days for the average life span of 
the cells of the dog and of the rabbit respectively. 

In the present work 4N-labelled glycine was fed to rabbits and the fall of 
the isotope content of the haemin was estimated. The isotope content of the 
haemin was related to that of the hippuric acid. Information was also obtained 
on the effects of experimental anaemia and the formation of reticulocytes. 
Some of the results have already been communicated (Niven & Neuberger, 
1949). 

METHODS 

Animals used and diets, Male and female half-lopped Hollingworth rabbits of 2-5-3-0 kg. body 
weight were used. In most experiments the stock diet of the Institute, i.e. diet 7 of Bruce & Parkes 
(1946) which was calculated to contain approx. 16-5 %% crude protein was fed. In some experiments 
a ‘low-protein diet’ consisting of a mixture of bran and hay, supplemented with greens, was given. 
Food and water were supplied ad lib. 

Administration of isotopic glycine. Most of the isotopic glycine used had 31-65 atom % excess 
5N; in some experiments material of 32-3 atom % excess “*N was used. The labelled glycine was 
dissolved in a small amount of water; the concentrated solution was then mixed with 25-30 g. of 
dry pelleted food and this was fed to animals which had been starved for the preceding 18 hr. 

Estimation of haemoglobin. The alkaline haematin method (Clegg & King, 1942) did not give 
satisfactory results with rabbit blood. The spectral absorption curve of rabbit haemoglobin in 
0-1 -NaOH differed considerably in shape and height from those of haemin or of human haemo- 
globin in the same solvent. Moreover, the results with rabbit blood were always low and difficult 
to reproduce. The acid haematin method was equally unsatisfactory. sina 2 co 
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method (King & Gilchrist, 1947) gave results which agreed well with iron analyses and the absorp. 
tion curve obtained with rabbit haemoglobin was almost identical with that given by an equivalent 
amount of haemin. The cyan-haematin method was therefore used throughout. Estimations were 
made with a Hilger absorptiometer using an Ilford 604 filter and a haemin standard as described 
by King & Gilchrist (1947). On this basis, provided that rabbit and human haemoglobin have the 
same mol, wt. and identical haem contents, a haemoglobin content of 100% corresponds to 14-8 g. 
haemoglobin/100 ml. of blood. 

Variations of the haemoglobin content of normal rabbits. For the interpretation of the results it 
was important to ascertain whether the rate of blood formation and/or the blood volume was 
constant in normal rabbits. Daily haemoglobin estimations were therefore carried out for 2-3 
weeks before isotopic glycine was given. The average haemoglobin content found was 90-95%. 
However, the value in any single animal roseand fell in an almost regular manner and these changes 
appeared to be associated with the excretion or retention of fairly large quantities of water. The 
fluctuations were within + 15% of a mean value. Few animals showing larger fluctuations were 
rejected. Courtice & Gunton (19494) have found marked changes in plasma volume associated 
with variations of the water content of the diet. It is therefore believed that the fluctuations in the 
haemoglobin content observed are caused mainly by changes in plasma volume associated with 
variations in extracellular water and that the amount of total circulating haemoglobin is relatively 
constant in the normal adult rabbit. 

Red cell count. Blood (0-02 ml.) was taken in a standardized pipette and mixed with 3-98 ml. of 
diluting fluid containing sodium citrate (3%) and neutralized formaldehyde (0-4 %). Enumeration 
was carried out in a standard counting chamber with improved Neubauer ruling. An average of 
at least two counts was always taken as the final result. 

Reticulocyte count, Reticulocytes were counted against erythrocytes in fresh preparations stained 
supravitally with brilliant cresyl blue, the counting field being reduced by means of an Ehrlich 
ocular; adjacent fields were examined, until the total count reached 1000. The enumeration of 
reticulocytes included every cell containing material which reacted with the dye from the almost 
mature erythrocyte with a solitary granule to the most immature type with a complicated fila- 
mentous network. No attempt was made to classify reticulocytes on the basis of relative maturity. 

Preparations of samples for isotope analysis. Blood was taken from the marginal vein of the ear. 
It was important to increase as little as possible the normal rate of blood formation and the amount 
of blood taken was therefore reduced to the minimum. With non-anaemic animals 3-4 ml. were 
sufficient for the preparation of the amount of haemin or protoporphyrin required for mass- 
spectrometric analysis. With severely anaemic rabbits haemin was prepared from about 0-5 ml. of 
packed cells. The crystalline material was then oxidized by the Kjeldahl procedure and the NH, 
distilled and estimated in the usual way. The NH,Ci solution was then made up by addition of 
non-isotopic NH,Cl to a total N content of 1-0 mg.; this usually involved a dilution of 2-0-2-25. 
In the earlier experiments haemin was obtained by the acetic acid procedure; in the latter experi- 
ments protoporphyrin methyl ester was prepared by the method of Grinstein (1947). Mass spectro- 
metric analysis was carried out in the usual way. Duplicates agreed generally within 0-005 %. 

Production of anaemia. Anaemia was produced either by bleeding or by administration of 
acetylphenylhydrazi The latter was injected subcutaneously in 0-9 % NaCl, the daily dose being 
15 mg./kg. body weight. Injections were made on 3-4 successive days until the haemoglobin 
content was about 30%. Isotopic glycine was generally given 2-3 days after the last injection. 
Haémorrhagic anaemia was produced by removing on 3 successive days altogether 65-120 ml. of 
blood. Glycine was given 24 hr. after the last bleeding. 

Hippuric acid formation. Sodium benzoate in large doses is toxic to rats (Griffith, 1929) and 
decreases their porphyrin excretion (Totter, Amos & Keith, 1949). The amount of sodium benzoate 
administered to the rabbits was therefore kept low, 0-15 g. of benzoate in 3 ml. of water was 
injected intraperitoneally and the urine collected over 24 hr. Comparison of the rate of incorpora- 
tion of *N into the protoporphyrin of rabbits receiving benzoate with that found with control 
animals did not show any significant differences. It is therefore concluded that this dose of ben- 
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zoate, which is small compared with the glycine reserves of the body, does not reduce 
formation to any significant extent. The urine was acidified and extracted with 3 x 0-5 vol. of 
chloroform; @ small amount of hippuric acid was lost by these extractions. The aqueous solution 
was then extracted with 3x2 vol. of ethyl acetate; the ethyl acetate extracts were dried and 
concentrated; the hippuric acid was then crystallized and recrystallized from water until the 
melting point was 189—190°. 

RESULTS 


The mean life span of the rabbit erythrocyte. Five rabbits were used for these 
long-term experiments. Each received altogether 0-5 g. isotopic glycine/kg. 
body weight fed in two or three equal doses over 30 or 54 hr. respectively. 
Blood samples (3-0-3-5 ml. each) were obtained at intervals of 10-16 days. By 
the end of the experirhent about 25-30 ml. of blood had been removed from 
each animal. The blood volume of a rabbit weighing 2-8-3-0 kg. is about 160- 
180 ml. (Courtice & Gunton, 1949a) and thus the amount of blood withdrawn 
by sampling represents approx. 15-20% of the original blood volume. In 
addition, the rabbit reacts, at least to a large haemorrhage, with excessive 
regeneration of haemoglobin (Boycott & Douglas, 1909). Isotopic haem will 
therefore be lost from the circulating haemoglobin not only by the normal 
process of cell disintegration, the rate of which the experiment attempts to 
measure, but also by the removal of blood in sampling and its replacement by 
non-labelled haem. It follows that the isotope contents of the haem samples 
isolated towards the end of the experiment will give values for the proportion 
of surviving labelled cells which may be about 25% too low. The calculation 
of the mean life span which is based mainly on samples obtained between the 
40th and 60th day of the experiment is affected to a lesser extent. At the time 
when the initial isotope content of the haem had decreased to 50% of its 
original value, the amount of blood removed in sampling was equivalent to 
about 8-10°% of the blood volume. Thus the error which may arise from using 
the uncorrected isotope figures for the estimation of the life span, is unlikely 
to exceed 10-12%. 

Two types of curves were obtained. In the first type (Fig. 14, C) the *N 
content of the haem was reasonably constant between the 5th and 35th day of 
the experiment and then decreased fairly rapidly up to the 70th or 75th day. 
These two curves resemble those found for normal man (Shemin & Rittenberg, 
1946a; London, Shemin, West & Rittenberg, 1949; Gray & Neuberger, 1950). 
In the second type of curve (Fig. 1B, D) there was no definite plateau and the 
fall in =N content was continuous and approximately linear almost from the 
beginning of the experiment. A similar behaviour was observed by London 
ét al. (1949) in haemolytic conditions of man. 

Owing to the irregular shapes of the curves (Fig. 1) and the error introduced 
by the removal of blood discussed above, no attempt has been made to calculate 
an average life span by the mathematical methods of Shemin & Rittenberg 
(1946a). Instead, the mean life span was assumed to equal the interval between 
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the time the 5N content had reached half of the maximum value and the time 
it had decreased again to this figure. This interval was fairly constant in the 
five experiments and averaged 61 days. Making allowance for the loss of blood, 
this figure may have to be increased to 66-68 days. 
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Fig. 1. The mean life span of the red cell in the normal rabbit, measured by the persistence of “N 
in the haem. A: rabbit no. 2 (2-95 kg., g); B: rabbit no. 12 (3-0 kg., 3); C: rabbit no. 3 
(29 kg., 2); D: rabbit no. 15 (2-0 kg., 9). All animals received 1-5 g. isotopic glycine in three 
equal doses over the first 3 days of the experiment. 


The rate of incorporation of *N into the haem. For these experiments five 
rabbits were fed 1-5 g. of isotopic glycine in two or three equal doses on 2 or 3 
successive days. Three animals received the stock diet and two rabbits were 
given the ‘low-protein’ diet during the experiment and for 2 weeks preceding 
the administration of glycine. The rabbits also received sodium benzoate every 
day or every 2nd day for about 8 days. Haemin samples were obtained at 
similar intervals. Representative results are shown in Fig. 2. 

Effect of diet. With the stock diet significant amount of *N appeared in the 
haem within 24 hr. after the first dose of isotopic glycine had been given and 
most of the isotope was incorporated within 48 hr. after the administration of 
the labelled amino-acid had been completed (Fig. 2.4). With the ‘low-protein’ 
diet too, the isotope appeared in the haem very soon after feeding, but the »N 
content continued to rise for 6-7 days after the last feeding of the isotopic 
glycine (Fig. 2B). The maximum N content of the haemin was about 60-100 %/, 
higher in the two animals kept on the ‘low-protein’ diet than were obtained in 
the rabbits fed the stock diet. This difference can be readily explained. With 
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a high protein intake the labelled amino-acid gets diluted to a marked extent 
by the non-labelled glycine in the diet and a large part of the isotopic nitrogen 
is probably excreted as urea. It is also possible that the turnover of glycine is 
faster in animals with a high protein intake. A similar effect of the protein 
content of the diet on excretion of ¥N after feeding labelled ammonium salts 
to rats was observed by Sprinson & Rittenberg (1949). 


LJ 


A B 


Fig. 2. Isotope contents of porphyrin and of hippuric acid obtained from rabbits fed 

: glycine and the effect of diet on the rate of incorporation of “N. A: rabbit no. 4 (3-0 kg., 2) 
and rabbit no. 13 (2-9 kg., 9) received 1-5 g. isotopic glycine over days 1 and 2; both rabbits 
were kept on the stock diet. B: rabbit no. 7 (3-1 kg., 9) and rabbit no. 3 (2-85 kg., 2) received 
1-5 g. isotopic glycine over 2 days; both rabbits received low-protein diet. C: the hippuric 
acid values were obtained from rabbit no. 13 (A, curve 2). The values for the newly formed 
porphyrin were calculated as described in the text from the experimental haem results given 
in A, curve 2. D: the hippuric results were obtained with rabbits nos. 7 and 8. 


15N content of hippuric acid. As Fig. 2C, D shows, the *N content of the 
hippuric acid is fairly high in the first 24 hr. after the last administration of 
labelled glycine, but falls off fairly rapidly afterwards. There is a close correla- 
tion between the haemin and the hippuric acid curves. At a time when the 
isotope content of the haem was still rising the hippuric acid contained appreci- 

able amounts of N. As the haemin curves flattened out (Fig. 2A, B) the 
_ isotope contents of the hippuric acid decreased to very low values (Fig. 2C, D). 
Diet did not appear to affect the isotope contents of the first hippuric acid 
samples very markedly. However, animals fed the stock diet had almost no 
excess 15N in hippuric acid collected after the 5th day of the experiment, whilst 
in animals given the ‘low-protein’ diet the isotope contents of the hippuric 
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acid decreased more slowly and were still significant on the 8th or 9th day of 
the experiment, respectively. 
Relationship between 5N content of newly formed porphyrin and that of hippuric 
acid. The haem formed immediately after the administration of labelled glycine 
mixes with the non-labelled haem already present in circulating red cells. If 
the amount of haemoglobin formed per day is constant, the mean isotope 
content (X, _,) of the haem released into the circulation in the period ¢, —¢, can 
be calculated from the observed isotope contents c, and c, of total circulating 
haem at times ¢, and t, respectively, if the average life span T is known. 


X 1-1, = (-%) T. (1) 


Assuming a mean life span of 65 days, values for X, have been calculated 
from the various curves, and those obtained from curve 2, Fig. 2A, have been 
plotted (broken line, Fig. 2C). These calculations indicate that the porphyrin 
which appears in the circulation on the 2nd or 3rd day of the experiment 
contains about 3-5 and 3-0 atom % excess =N. With the stock diet these values 
decrease fairly quickly, being approx. 2-0-2-5 atom % excess on the 4th day 
and about 1-5 atom % excess on the 5th day. On the ‘low-protein’ diet the 
calculated values are somewhat higher and the rate of decrease is slower, the 
calculated figures in one experiment being approx. 5-0, 4-0, 3-0 atom % excess 
18N for the porphyrin released into the circulation on the 3rd, 4th and 5th day 
respectively, 

The shapes of the curves obtained by plotting the experimental values for 
15N in hippuric acid are very similar to those obtained for the calculated values 
of the newly formed porphyrin (Fig. 2C). However, the absolute figures for the 
isotope excess in hippuric acid are about 35-50% lower than the calculated 
values for the newly formed porphyrin for corresponding periods. This differ- 
ence may be partly due to the fact that hippuric acid excretion is fast, whilst 
maturation of the red cell may take 1-2 days. It is also possible that in the 
rabbit as in man (Gray & Neuberger, 1950), administration of benzoate may 
stimulate liberation of unlabelled glycine from proteins or synthesis of glycine 
from precursors of low *N content. 

Differences between the rate of incorporation of 45N into the haem of man and 
rabbit. A comparison of the rate of increase of 5N in haemin of rabbits during 
the first 10 days after feeding labelled glycine (Fig. 2) with similar measure- 
ments in normal man (Shemin & Rittenberg, 19464; London et al. 1949; Gray 
& Neuberger, 1950) reveals certain differences. In man the isotope content 
continues to increase for about 20 days, whilst in the rabbit a constant value 
is reached after 5 or 9 days depending on the diet. In the rabbit the interval 
between the feeding of the labelled compound and the appearance of significant 
amounts of the label in the circulating haem is less than 24 hr. Thus, in one 
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experiment 1-0 g. of glycine was fed to a rabbit in one dose by stomach tube; 
the haemin isolated 18 hr. later had 0-045 atom % excess 5N which was approx. 
25% of the maximum value of 0-184 atom % excess which was formed after 
10 days. For man, only few data are available, but it appears (Gray & Neu- 
berger, 1950) that the interval is longer. It is suggested that in the rabbit the 
period between the synthesis of haemoglobin and the release of the red cell 
into the circulation is shorter than in man and that the rabbit erythrocyte 
leaves the bone marrow in a relatively immature condition. This assumption 
is supported by the fact that the large number of reticulocytes normally found 
in rabbit blood as compared with man cannot be entirely explained by differ- 
ences of life span of the red cell. The other difference between man and rabbit 
is associated with glycine metabolism. The rate of decrease of “N in hippuric 
acid after feeding labelled glycine to man is slow (Gray & Neuberger, 1950), 
indicating a low turnover rate for this amino-acid. In the rabbit the present 
results with respect to hippuric acid indicate that °N is quickly lost from the 
glycine ‘pool’ and this explains the observation that the isotope content of the 
circulating haemoglobin becomes constant within a few days of feeding labelled 
glycine. 

Haemoglobin formation in rabbits recovering from an anaemia due to loss of 
blood. Nine rabbits altogether were used for these experiments; in four anaemia 
was produced by injecting acetylphenylhydrazine, whilst the other five were 
made anaemic by bleeding. The haemoglobin content was reduced to 28-45% 
before isotopic glycine was given. The dosage of the latter was 0-1—0-165 g./kg. 
body weight, i.e. 20-33 9, of the amount given to non-anaemic animals. As the 
comparison between Figs. 3 and 4 shows, the recovery was faster in rabbits in 
which anaemia had been produced by phenylhydrazine than in those animals 
which had been bled. A similar observation has already been made by Hawkins 
& Whipple (1938) who used dogs; these authors pointed out that phenyl- 
hydrazine anaemia in contrast to haemorrhage is not associated with a large 
loss of protein and iron. 

The rate of incorporation of *N into haem after anaemia. The administration 
of 0-5 g. labelled glycine to a rabbit weighing 2-9 kg. which had been made 
anaemic with phenylhydrazine produced within 24 hr. an isotope content in 
the haem of 1:09 atom % excess which did not increase further during the 
next 48 hr. (Fig. 3). A haemin sample obtained 8 hr. after the labelled glycine 
had been fed had already 0-305 atom % excess. (A similar result was obtained 
in a rabbit which had been made anaemic by bleeding.) It appears, therefore, 
that the rate of incorporation of isotope into circulating haem is faster in 
anaemic than in non-anaemic animals. In a second experiment 0-5 g. labelled 
glycine was fed to a rabbit (3-0 kg. body weight) which had been made anaemic 
by bleeding until the haemoglobin content was 37% (Fig. 4). The maximum 
‘5N content in this experiment was reached on the 2nd day of the experiment 
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Fig. 8. The rate of incorporation of “N into haem after anaemia produced by phenylhydrazine, 
Acetylph jrazine was given on days 1-4 to rabbit no. 1 (2-9 kg., 9); on day 7, 0-5 g. 
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Fig. 4. The rate of incorporation of “N into haem after anaemia produced by bleeding. Rabbit 
no. 5 (2-85 kg., 2) was bled on days 1-3; on day 3, 0-5 g. isotopic glycine was fed. 
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and was only 0-401 atom % excess as compared with 1-09 atom % excess in 
the phenylhydrazine experiment. It would appear therefore that the rate of 
blood regeneration was faster in anaemia produced by phenylhydrazine than in 
haemorrhagic anaemia. In both experiments the isotope content of the haemin 
fell quite sharply from the high value which was reached 24-48 hr. after the 
isotopic glycine had been given and this decrease was associated with a rise in 
haemoglobin content. It is reasonable to assume that the large amounts of 
haem which enter the circulation more than 48 hr. after the administration of 
labelled glycine, have a low isotope content and thus dilute the highly active 
fraction formed in the first 2 days. 

Rate of blood formation during recovery from anaemia. For a more quantitative 
interpretation haemoglobin concentration and blood volume have to be con- 
sidered in addition to the isotope data. We have not carried out blood volume 
measurements in these experiments, since the withdrawal of relatively large 
blood samples would complicate the interpretation of the results. But Courtice 
& Gunton (19495) have shown that the rabbit restores its blood volume within 
2 hr. after a haemorrhage and Hawkins & Whipple (1938), working with dogs, 
obtained evidence that the blood volume is not affected by reduction of red 
cell mass. We have therefore assumed that the haemoglobin content/unit 
blood volume gives a quantitative measure of the total amount of circulating 
haemoglobin. On this basis the rate of blood formation can be calculated in 
two ways; a rabbit weighing 3 kg. has a blood volume of about 180 ml. ; assuming 
that it has normally a haemoglobin content of 14-8 g./100 ml., its total circu- 
lating haemoglobin is 26-64 g. Since the mean life span is about 68 days, the 
average amount of haemoglobin produced per day by the non-anaemic rabbit 
is about 0-39 g. In the period of the 3rd to the 6th day after the last dose of 
phenylhydrazine (Fig. 3) the haemoglobin content increased from 35 to 65% 
corresponding to an increase of total haemoglobin of 8 g. The average daily 
haemoglobin production during this period was therefore at least 2-66 g. instead 
of the normal value of 0-39 g. This suggests that during the initial period of 
recovery, blood formation was increased about 7 times. During the follow-— 
ing 3-day period (days 6-9) the haemoglobin rose to 83-5°% corresponding to 
an average daily production of 1-6 g. or 4 times the normal amount. This 
calculation uses only the haemoglobin data and the figure for the life span 
obtained above. 

In the anaemic animal the labelled haem mixes with a relatively small 
amount of non-labelled haem and thus the isotope values tend to be dispro- 
portionally high. In order to make the results comparable with those obtained 
in non-anaemic rabbits the isotope contents have been multiplied by the 
haemoglobin contents estimated on the same day. These corrected isotope 
data, i.e. the 45N contents recalculated so as to correspond to a haemoglobin 
content of 100%, have been plotted in Figs. 3-5. The maximum corrected 
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isotope content in the phenylhydrazine experiment was 0-432 atom °%, excess 
and this was obtained after giving 0-5 g. glycine. With four non-anaemic 
rabbits an average maximum isotope content of 0-165 atom % excess was 
reached after feeding 0-5 g. glycine/day on 3 successive days. If it is assumed 
that, within the limits of concentration used, the isotope content of the haem 
is proportional to the amount of labelled glycine fed, it follows that in the 
anaemic rabbit the efficiency of incorporation of the label and thus the rate of 
blood formation is about 7-5-8-0 times greater than in the normal animal. This 
calculation agrees very well with the other estimate based on somewhat 
different premises. 

In the experiment in which anaemia was produced by haemorrhage (Fig. 4) 
the average daily increase in haemoglobin content for the 5-day period follow- 
ing the last withdrawal of blood was 7%, corresponding to a daily production 
of 1-85 g. haemoglobin, i.e. 4-5 times the normal amount. From the corrected 
isotope content the relative increase of blood formation was about 3-5-4-0 times 
the normal value. In another experiment (Fig. 5) the maximum rate of 
regeneration after haemorrhage, as calculated by both methods, appeared to 
be about 3-5 times the normal rate of blood formation. It is clear therefore that 
recovery from phenylhydrazine anaemia is about 1-5—2-0 times as fast as after 
haemorrhagic anaemia. 

Three sources of error affect the accuracy of the calculations described above. 
The error introduced by the withdrawal of blood in sampling, and which has 
already been considered in connexion with the calculations of the mean life 
span of the red cell in normal rabbits, has been greatly reduced by the dilution 
technique for mass spectrometric analysis described in the experimental 
section. The error arising from this source is very small with respect to the 
early samples, but may amount to 15-20% in the later samples, and it is 
likely, therefore, that we may have somewhat underestimated the amount of 
isotope incorporated into haem in the period ranging from 2 to 5 days after 
labelled glycine had been given. Another and potentially more serious error 
may be introduced into our calculations by the implicit assumption that all the 
isotope is incorporated whilst the cells are still in the bone marrow. London 
et al. (1949) have found that certain probably very immature types of reticulo- 
cytes can incorporate N-labelled glycine into haem in vitro. We have con- 
firmed these findings, but it was found that the amount of incorporation is 
relatively slight. Thus incubation at 37° for 27 hr. of immature reticulocytes 
with serum containing glycine of 31-5 atom % excess 5N produced an isotope 
content in the haem of 0-10-0-20 atom % excess *N. It is suggested therefore 
that by far the largest part of the synthesis of haem takes place at an earlier 
nucleated stage, whilst the cell is still in the bone marrow, and that haem 
synthesis in the reticulated circulating erythrocyte i is quantitatively of minor 
importance. In experiments in which anaemia was produced by bleeding, 
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reticulocytes formed at the most 40-45%, of the total red cells and a large 
proportion of the reticulocytes were relatively mature. It is believed that 
18N incorporation into haem by circulating reticulocytes is small under these 
conditions and can, as a first approximation, be neglected. In phenylhydrazine 
anaemia, the position is somewhat different. The reticulocyte count, at the 
time of the most active regeneration, tended to be higher than in haemorrhagic 
anaemia and most of the reticulocytes were very immature. It is possible, 
therefore, that in phenylhydrazine anaemia a significant fraction of isotope is 
incorporated into the haem of circulating immature reticulocytes and thus 
a small fraction of cells, which had left the bone marrow before the isotopic 
glycine had been given, may get labelled. However, this error will be compen- 
sated to some extent by the loss of isotope from those circulating reticulocytes 
which had taken up a large amount of isotope in the bone marrow. 

Another source of error which affects particularly the phenylhydrazine 
experiments is the possibility that some of the phenylhydrazine was still 
present in the blood at the time when isotopic glycine was given and thus some 
of the labelled cells may have been destroyed in the beginning of the experiment. 
In the experiment described in Fig. 3 the interval between the last phenyl- 
_ hydrazine injection and the administration of labelled glycine was 3 days; in this 
experiment the total amount of isotope present in circulating haem rose sharply 
during the first 24 hr., but there was only a slight further increase during the 
next 3 days, suggesting that a further rise of N was largely balanced by 
destruction of labelled red cells. In another experiment, for which data are 
less complete, the interval between phenylhydrazine and glycine administration 
was 5 days; in this experiment the isotope content on the Ist day after glycine 
feeding was 0-51 and on the 4th day 0-68 atom % excess. It seems likely 
that in the 2nd experiment, owing to the longer interval, there was less or 
no destruction of cells at the time when glycine was given, and therefore the 
rise in isotope content of the haem was more prolonged. On the other hand, 
Cruz (1941) obtained evidence that reticulocytes are more resistant than mature 
cells to phenylhydrazine and the question must therefore be left open. It 
appears, therefore, that the broad conclusions reached on the basis of the 
isotope results obtained in anaemia are most probably correct, although the 
quantitative calculations may not be very accurate. 

- The isotope content of the haem of reticulocytes. It is now almost generally 
accepted that reticulocytes represent an intermediate stage in normal haema- 
tepoeiesis, although the opinion has been expressed (Mermod & Dock, 1935) 
that reticulocytes do not develop into mature red cells. In anaemic rabbits 
there is a considerable,increase in reticulocytes during the regeneration period 
which is followed by a decrease, as the haemoglobin content approaches normal 
levels. Reticulocytes are bigger and lighter than mature erythrocytes (Key, 
1921) and very young reticulocytes are lighter than mature reticulocytes 
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(Heath & Daland, 1930). It was thought that further information about 
maturation of reticulocytes might be obtained by following the changes of 
isotope content of the haem of the lighter and heavier red cell fractions obtained 
by differential centrifugation of blood samples of anaemic rabbits which had 
been fed isotopic glycine. 


Fig. 5. The incorporation of “N into the haem of reticulocytes. Rabbit no. 6 (3-0 kg., 2) was bled 
on days 1-3; isotopic glycine was fed on day 4. The distribution of reticulocytes and of haem 
—4N between the lighter and heavier cell fractions is shown in Table 1. 


A female rabbit (body weight 3 kg.) was bled on 3 successive days and 180 ml. 
altogether were removed. On the 4th day Hb was 38°5%, red cells were 
1-85 x 10*/mm.* and reticulocytes were 39%; 0-6 g. isotopic glycine was then 
fed. Blood samples (6 ml. each) were removed on the 5th, 6th, 7th and 9th day 
of the experiment and centrifuged in graduated tubes for 10 min. at 3000 r.p.m. 
The cells were divided into two, approximately equal, layers, i.e. top and bottom 
layers, the haemin was prepared from each and analysed for N. It can be 
seen from Fig. 5 that the haemoglobin content increased during the 5 days 
from 38-5 to 63%, whilst the red cell content rose from 1-85 to 3-35 x 10®/mm.* 
Reticulocytes remained fairly constant during this period at about 1 x 10®/mm.° 
The isotope content rose very sharply during the 1st day, slowly during the 
2nd and 3rd days and then decreased during the following 2 days. This decrease 
was associated with increase in haemoglobin and was therefore caused by 
formation of haemoglobin of low isotope content with consequent dilution of 
the haemoglobin of high isotope content formed during the first 3, days. This 
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is shown clearly by plotting the products of isotope and haemoglobin content 
against time (Fig. 5). About 60% of the total isotope is incorporated during 
the Ist day, a further 10% during the 2nd day, the residual 30° during the 
8rd day and almost none on the 4th and 5th day. 


Taste l, Percentage of reticulocytes and “N contents of haemin of red cell fractions obtained 
from an anaemic rabbit on various days after feeding labelled glycine 
Details of the experiments are given in the text and Fig. 5. Isotopic glycine was given on day 3, 
and blood samples were obtained on days 4, 5, 6 and 8. 


Upper layer Lower layer 
Day of Reticulocytes i 15N content of haemin Reticulocytes 16N content of haemin 
experiment (%) (atom % excess) (%) (atom % excess) 
4 99-2 0-394 32-8 0-151 
5 78-6 0-315 43-1 0-300 
6 9146 0-405 36-1 0-385 
8 56-5 0-285 26-5 0-480 
Ratio (upper layer/lower layer) of 
Day of Percentage 15N content 
experiment _ reticulocytes of haemin 
4 3-0 2-6 
5 1-78 1-05 
6 2-5 1-05 
8 2-1 0-60 


Table 1 shows the distribution of reticulocytes and 5N between the top and 
bottom red cell fractions. With the red cells collected on the 1st day most of the 
reticulocytes were present in the top layer and so is most of the haem N. The 
ratios of isotope content of haem and of percentage of reticulocytes in the top 
and bottom layers were almost equal. With the 2nd- and 3rd-day samples most 
of the reticulocytes were found in the top layers, but the isotope contents were 
almost equal in the two fractions. With the sample obtained on the 5th day, 
the larger part of the isotope was in the lower fraction, containing fewer 
reticulocytes. The most reasonable explanation of these findings is that most 
or all the red cells which were released into the circulation from the bone 
marrow of the anaemic rabbit were reticulocytes of a fairly immature type 
and, immediately after the glycine feeding, were rich in isotope. As the cells 
matured, they became first equally distributed between the lighter and heavier 
fractions to be finally concentrated in the latter. During this time new reticulo- 
cytes containing haem of low isotope content entered the blood and were 
responsible for the decrease in =N content of the lighter fraction. In two other 
experiments similar results were obtained. 

Life span of cells formed during recovery from anaemia. Indications were 
obtained in preliminary experiments that the mean life span of red cells formed 
in the period of recovery from an acute experimental anaemia is somewhat 
shorter than normal. This point was tested in the following manner: anaemia 
was produced by bleeding until the haemoglobin content was reduced to about 
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35%. Isotopic glycine was then fed and the rabbit was allowed to recover 
until the haemoglobin content had risen to at least 90% of the original level. 
This took generally 10-14 days. No blood samples other than those required 
for haemoglobin estimation were obtained during this period. After the haemo- 
globin content had become constant, blood samples (3-4 ml.) for mass spectro- 
metric analysis were taken at intervals of 10-12 days, and the haemoglobin 
content measured. With one rabbit a similar experiment was carried out using 
phenylhydrazine. The results are shown in Fig. 6. It appears that in all experi- 


10 


Days 


Fig. 6. The mean life spans of red cells formed during recovery from anaemia. In all rabbits (all 
female) anaemia was produced until haemoglobin content was between 30 and 40%. With 
rabbit 18 (curve 1) anaemia was produced by phenylhydrazine, in all others by bleeding. 
Isotopic glycine was given in one dose (0-15—-0-20 g./kg. body weight). 


ments the isotope content of the haem fell steadily. The mean life span found 
in various experiments varied between 34 and 42 days, as compared with 
a value of 61-65 days observed with normal rabbits. Correction for loss of blood 
due to sampling would increase these figures to between 38 and 48 days. At 
the time when the first sample for isotope analysis was taken, reticulocytosis 
had subsided and these findings can therefore not be ascribed to loss of isotope 
by breakdown and resynthesis of haemoglobin in reticulocytes. It would 
follow therefore that the mean life span of at least a proportion of the cells 
formed in the recovery period is less than normal. 
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DISCUSSION 


The mean life span of the red cell of the normal rabbit. The method used in the 
present work measures the persistence of the labelled haemoglobin molecule in 
the circulating red cell assuming that the label is lost only when the haemoglobin 
molecule is broken down. The further assumption that the life spans of the 
haemoglobin molecule and of the cell as a whole are identical is fully justified in 
man, where similar results have been obtained, by isotope methods and by the 
agglutination technique. The latter has so far not been applied to the rabbit 
and there is thus a remote possibility that in this species isotope might be lost 
from the haem without the red cell itself being destroyed. However, the fact 
that the mature rabbit erythrocyte does not incorporate 15N in vitro on incuba- 
tion with isotopic glycine, suggests that the haemoglobin of the mature erythro- 
cyte of the rabbit, like that of other species, is metabolically inert whilst the 
cell is intact. It is therefore suggested that the present results indicate that the 
mean life span of the red cell of the Hollingworth rabbit is 65-70 days. The 
erythrocytes of other mammalian species so far investigated, viz. man, dog and 
rat, have average life spans of 100-120 days. There is one other difference 
between rabbit and man with respect to the life-span curves. In man, very few 
red cells die before they reach an age which corresponds to about three-quarters 
or four-fifths of the mean life span. In some rabbits, at least, a significant pro- 
portion of cells are destroyed within 1 or 2 weeks of their appearance in the 
circulation. It would thus appear that the red cell of the rabbit is more labile 
than that of man. 

The speed of haemoglobin synthesis. The present results indicate that in the 
non-anaemic rabbit the interval between incorporation of N into the haem 
and the appearance of the labelled cell in the circulation is only 1-2 days. In 
severely anaemic rabbits this interval is even shorter and may be counted in 
hours. Similar results were obtained by Hahn, Ross, Bale & Whipple (1940) 
with respect to the incorporation of radioactive iron into the red cells of the 
dog; these authors also found that the rate of this process is greatly increased 
by the anaemia. The conclusion which might be drawn from these observations 
that haem synthesis takes place at a relatively advanced stage of the develop- 
ment of the erythrocyte is supported by the spectroscopic studies of Thorell 
(1948). It also agrees with the finding that even reticulocytes can incorporate 
48N and also radio iron (Walsh, Thomas, Chow, Fluharty & Finch, 1949) 
into haemoglobin. The increased rate of this incorporation in anaemic 
animals may be caused either by the process of maturation being faster 
or more probably by the appearance of more immature reticulocytes in the 
circulation. 

The fumetion of reticulocytes. Reticulocytes are reported to form in adult 
rabbits between 3 and 8% of the total red cell population (Seyfarth, — 
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with our rabbits the figures varied between 3 and 5%. Assuming that all rabbit 
red cells appear first in the circulation in the reticulated form the average time 
required for maturation of the reticulocytes is about 3-4 days, if the mean life 
span of the cell is taken to be 65-70 days. 

Similar values have been obtained for the maturation time of rabbit reticulo- 
cytes incubated in vitro at 37° (Pepper, 1922; Heath & Daland, 1930; Heilmeyer 
& Westhaeuser, 1932). Our results obtained on the changes of isotope content 
of the lighter and heavier red cell fractions with time, also suggest that the 
reticulocyte is a normal intermediate form of cell development. These data are 
also compatible with a maturation time of 2-5 days. The assumption that all 
or almost all cells released from the marrow contain reticulated material is 
probably valid for the rabbit, but is unlikely to be correct for other species 
such as ox or horse, which have normally no or only a few reticulocytes in the 
_Gireulating blood; it may also not apply to man (vide Young & Lawrence, 
1945). 

Rate of blood formation after anaemia. Schiedt (1937) has suggested that 
regeneration of blood after haemorrhage occurs without any absolute increase 
of the rate of blood formation; he suggested that the rate of blood destruction 
is proportional to the number of cells still present, whilst the rate of formation 
is independent of haemoglobin content. Thus, regeneration is the net result of 
decreased destruction and unchanged rate of formation. The mean life-span 
values for different species calculated on the basis of this assumption (Schiedt, 
1938) are much too low, being 33 days for man and 8-27 days for the rabbit. 
The degree of this discrepancy with the more recent and more reliable figures 
(120 days for man, 68 days for the rabbit) indicates that the rate of formation 
is in fact increased 3-8 times. Our own results also suggest similar rates of 
increase of blood formation after anaemia. 

The life span of cells formed during recovery from anaemia. The life-span curves 
(Fig. 6) indicate that cells formed during recovery from a severe anaemia may 
have mean life spans which are shorter than is normally found. These results 
may mean either that all cells have life spans about 30-50 % shorter than normal, 
or that most cells have a normal life span, whilst a small number of cells have 
very short life spans. The second explanation appears to be more probable. 
Eaton & Damren (1930) found in rabbits which had been bled that there was, 
apart from the immediate reticulocyte response, a spontaneous secondary and 
sometimes even a weaker tertiary increase of reticulocytes which occurred 8 or 
17 days respectively after the initial haemorrhage. These authors deduced 
from their findings that the cells formed immediately after the haemorrhage 
died about 8 days later, and this interval represented the normal life span. The 
deduction was at least partially incorrect, as far as it was extended to normal 
erythrocytes; but it is quite possible that the later reticulocyte responses were 
caused by the destruction of cells of abnormal life span. Secondary reticulocyte 
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after haemorrhage were also found in rats by Harne, Lutz & Davis 
(1940). It is likely that under conditions of severe anaemia with resulting re- 
duction of cellular oxygen tension the bone marrow produces a certain propor- 
tion of defective cells with a greatly reduced life expectation. 


SUMMARY 


1. Glycine labelled with *N was fed to normal adult rabbits kept on diets 
high and low in protein and to rabbits which had been made anaemic by 
repeated bleeding or by administration of phenylhydrazine. Haemin or proto- 
porphyrin samples were obtained after various intervals and the isotope contents 
measured with the mass spectrometer. 

2. The rate of loss of *N from the circulating haem of non-anaemic animals 
indicated that the mean normal life span of the rabbit erythrocyte is about 
65-70 days. The assumptions involved in this calculation are discussed. 

3. In anaemic rabbits most of the isotope was incorporated into haem within 
24 hr., whilst with non-anaemic animals this process extended over several 
days, being more prolonged on the low-protein diet. The findings agree with 
the assumption that haemoglobin formation takes place at a relatively late 
stage of erythropoiesis. 

4. Small amounts of benzoate were administered to some of the rabbits 
which had received isotopic glycine. The *N content of the excreted hippuric 
acid showed a close, but not a quantitative, correspondence with the rise of 
15N in the circulating haem. 

5. Haematological and isotopic data indicate that the rate of blood formation 
may be increased to about 4 times the normal value in animals recovering from 
an anaemia produced by bleeding and to about 7-8 times in animals recovering 
from anaemia produced by phenylhydrazine. 

6. The rate of loss of N from the circulating haem of rabbits which had 
been fed isotopic glycine during recovery from anaemia suggests that at least 
a fraction of the cells formed during that period had an abnormally short life 


span. 

7. Differential centrifugation of labelled red cells obtained from anaemic 
rabbits showed that initially most of the isotope was present in the lighter 
fraction containing most of the reticulocytes. The data are compatible with the 
assumption that reticulocytes mature in the circulation and represent a normal 


stage in erythropoiesis. 
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THE ACTION OF v-TUBOCURARINE AND 
OF DECAMETHONIUM ON RESPIRATORY 
AND OTHER MUSCLES IN THE CAT 


By W. D. M. PATON anp ELEANOR J. ZAIMIS* 
From the National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 22 March 1950) 


In a previous paper (Paton & Zaimis, 1949) we have referred to the way in 
which decamethonium and p-tubocurarine chloride, when administered intra- 
venously to the cat anaesthetized with chloralose, differed considerably in the 
readiness with which they depressed the activity of the respiratory muscles 
relative to that of the limb muscles. This difference has been further studied in 
the experiments now described, of which a brief account has already appeared - 
(Paton & Zaimis, 1949<). 

The mode of action of decamethonium has recently been further analysed 
(Brown, Paton & Vianna Dias, 1949; Burns, Paton & Vianna Dias, 1949; 
Zaimis, 1949; Buttle & Zaimis, 1949). We may conclude that the main difference 
between decamethonium and p-tubocurarine is the following. p-Tubocurarine 
paralyses neuromuscular conduction by rendering the end-plate less sensitive 
to the depolarizing action of acetylcholine. Decamethonium, however, like 
acetylcholine, depolarizes the end-plate region, and may, like acetylcholine, 
according to the circumstances either initiate a propagated contraction in the 
muscle, or give rise to neuromuscular block. Decamethonium should thus be 
compared with acetylcholine rather than with curare in its mode of action. This 
fundamental distinction from curare needs to be borne in mind in considering 
the differences, described below, between the two drugs. 


METHODS 


Cats anaesthetized with chloralose (80 mg./kg.), after induction by ether, were used in most 
experiments. Twitches and tetani of the soleus and tibialis muscles were excited by maximal 
shocks applied to the tied sciatic nerve in the thigh. The contractions of these muscles were applied 
to a flat spring myograph and recorded on a smoked drum. In some experiments records of the 
mechanical response of the two muscles in the same leg were recorded on the same drum. 


* Present address: Pharmacology Department, School of Pharmacy, 17 Bloomsbury Square, 
London, W.C. 1. 
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The respiration was recorded either by discharging the respirations by means of light rubber 
valves into a large reservoir fitted with a fine leak, the pressure within which was recorded by 
a sensitive tambour; or by the respiration recorder described by Paton (1949). Simple mechanical] 
records of the respiratory movements were found to give little indication of the true pulmonary 
ventilation. 

Phrenic nerve action potentials were recorded from the central stump of a cut phrenic root, 
close to its origin in the neck. The root was dissected as required. The potential changes were 
amplified on to a screen of a cathode-ray oscillograph, and photographed on moving paper. 
Action potentials from the diaphragmatic muscle were recorded in the same way from two silver 
electrodes about 1 cm. apart insulated to their tips and placed in line along a suitable bundle of 
muscle fibres on the abdominal surface of the diaphragm. Bronchoconstriction was measured as 
described in the text. Decamethonium was always used as the iodide, and p-tubocurarine as the 
chloride. 


Fig. 1. Cat. Chioralose. Record of respiration and of contractions of tibialis excited by maximal 
shocks to the sciatic nerve every 10 sec. (a) At arrow, decamethonium iodide 60 yg. intra- 
venously, (6) At arrow, p-tubocurarine chloride 1 mg. intravenously. Artificial respiration 
applied during white horizontal line. 


RESULTS | 
Cats under chloralose anaesthesia 
Fig. 1 illustrates typical effects of decamethonium iodide (60 yg.) and of 
D-tubocurarine chloride (1 mg.) on respiration and on twitches of tibialis 
excited maximally through its nerve. Both drugs produce in this experiment 
almost complete neuromuscular block in tibialis. Respiration is not affected 
by decamethonium; but, after p-tubocurarine the respiration is completely 
paralysed, and remains inadequate for 20 min., although during this time the 
twitch of tibialis has recovered almost completely. 

Effects by decamethonium on respiration can, nevertheless, be demonstrated. 
Doses sufficient just to patalyse tibialis (approx. 30 ug./kg.) occasionally cause 
a transient depression of 10-15% in the respiratory minute volume; the effect 
passes off in 2-3 min., long before the effect of tibialis twitch has disappeared. 
With larger doses more severe respiratory depression is obtained, and may be 
complete with a dose of 70-80 yg./kg. Even in these experiments, however, 
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the effect on the respiration passes off earlier than the effect on the tibialis 
muscle, Thus in one experiment, after an intravenous injection of 260 yg./kg. of 
decamethonium iodide, respiration returned to normal within 30 min., although 
it took more than 1 hr. 20 min. before the tibialis muscle had recovered. 

The quantitative difference in the actions of decamethonium and of p- 
tubocurarine is also shown by choosing doses which produce approximately 
the same moderate degree of respiratory paralysis. In Table 1 are given for 
each drug the dose which just begins to affect the respiration significantly, and 
the dose which causes 95°, paralysis of the tibialis twitch. The doses are mean 
values from fifteen experiments. 


Tastz 1. Comparison of doses of p-tubocurarine or of decamethonium required either to paralyse 
tibialis twitch 95%, or to begin to depress respiration, under chloralose or under ether 


natant For paralysis of tibialis For depression of respiration 


Chloralose Ether Chloralose Ether 

(mg./kg.) (mg./kg.) (mg. kg.) 
p-Tubocurarine chloride 0-4 0-27 0-08 0-04 
Decamethonium iodide 0035 0-07 0-04 0-04 


One of the differences between decamethonium and D-tubocurarine is the 
fact that paralysis by decamethonium is preceded by an initial stimulating 
action which D-tubocurarine lacks. As seen in Figs. 1-3, decamethonium 
produces, on the tibialis muscle, an augmentation of the twitch, or even 
spontaneous contractions, before the onset of paralysis. This effect is less 
pronounced on the respiration, but sometimes decamethonium, especially 
when given in small doses, produces a slight augmentation of the amplitude of 
the respiratory movements, so that the minute valume increases. This is never 
observed with p-tubocurarine. 

When the tibialis muscle is paralysed by D-tubocurarine, and artificial 
respiration is stopped at a time when natural respiration is still inadequate, 
there occurs a slight transient decurarization (Fig.'1). This effect has never 
been observed with decamethonium. We have not analysed the cause of this 
decurarization, or of the absence of a similar phenomenon with decamethonium. 
Experiments on the effects of adrenaline on muscles paralysed by D-tubocurarine 
or decamethonium suggest that a discharge of adrenaline-from the suprarenals 
is inadequate to account for the phenomenon. 


Antagonism to decamethonium by pentamethonium 
We have described elsewhere the action of pentamethonium (the pentane 
homologue of decamethonium) as an antagonist to the muscular and respiratory 
paralysis by decamethonium. Fig. 2 exemplifies the antagonism. In this 
experiment a dose of 30 yg./kg. decamethonium iodide caused, after an initial 
period of augmentation of the twitch tension, a rapidly progressing paralysis 
of the tibialis twitch; a second identical dose of decamethonium some hours 
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later led to complete neuromuscular block lasting more than 20 min. But 
2 min. after the first dose the paralysis was checked and reversed by the 
injection of 10 mg. pentamethonium iodide. The respiratory minute volume 
was reduced by both doses of decamethonium to about 40% of its initial value; 
but as soon as pentamethonium was given, the minute volume promptly rose 
again to its original height and beyond. This ‘overswing’ in the recovery of the 


(6) 
Fig. 2. Fig. 3. 


Fig. 2. Cat, 3-1 kg. chloralose. Respiration and tibialis twitch. At first arrow, decamethonium 
iodide 90 yg. intravenously ; at the second arrow, pentamethonium iodide 10 mg. intravenously. 
Fig. 3. Cat, 3-8 kg. chloralose. Contractions of tibialis (above) and soleus (below) to maximal nerve 
shocks. (a) Chlioralose anaesthesia; at arrow, 20 xg. decamethonium iodide into iliac artery. 

(6) After 1 hr. ether anaesthesia; at arrow, 20 ug. decamethonium iodide into iliac artery. 


respiration is a common phenomenon when pentamethonium is given after 
a paralysis by decamethonium; it often makes the antagonism of penta- 
methonium to decamethonium appear much more effective on the respiration 
than on the muscle twitch. It probably results from an increase in activity of 
the respiratory centre while respiration is depressed, such as we describe below; 
only when the weakness of the respiratory muscles is removed by penta- 
methonium can this increased activity of the centre be revealed in a period 


_ of hyperventilation. 


Ether anaesthesia 
With ether anaesthesia higher doses of decamethonium are required to abolish 
the twitch of tibialis than with chloralose anaesthesia, but no similar increase 
in dose is required to paralyse respiration (Table 1). Thus, under ether a dose 


SREREY 


iV 


4 of 
or 
ti 
tae 
wnt 
ad 
4 the 
e ‘ 
‘ 4 
mu 
4 ’ 
(Ts 
tub 
é 
‘ 
inf 
3 
a ' ant 
4 
rels 


ACTION OF v-TUBOCURARINE AND DECAMETHONIUM 315 


of 60 g./kg. which depresses the tibialis twitch by 40-70% will affect the 
respiratory movements to an equal degree, and the characteristic difference 
observed in chloralose anaesthesia between the actions of decamethonium on 
tibialis twitch and on respiratory movements is less pronounced. 

The augmentation of respiratory movements observed occasionally after 
small doses of decamethonium in cats under chloralose was never seen under 
ether anaesthesia. This corresponds to our previous observation that under 
ether the potentiation of the muscle twitch does not occur. Fig. 3 illustrates 
the abolition by ether of the potentiation of the twitch of tibialis due to de- 
camethonium, together with the diminution of its paralysing action. In this 
experiment, the twitches of the tibialis were recorded simultaneously with those 
of the soleus muscle. The stimulating action of decamethonium on this latter 
muscle is more pronounced than on the tibialis, but again it is abolished by ether. 

Whereas in ether anaesthesia, the threshold dose of decamethonium for 
affecting the tibialis was raised, the reverse was true for p-tubocurarine 
(Table 1). Paralysis of the tibialis twitch was obtained with a dose of p- 
tubocurarine approximately 30 °%, less than that required in cats anaesthetized 
with chloralose. In addition, p-tubocurarine also became more active in 
depressing respiration; the threshold dose required to do this was reduced to 
0-04 mg./kg., about half that required in chloralose anaesthesia. Even under 
ether anaesthesia, therefore, decamethonium still affects the respiration 
relatively less than does p-tubocurarine. 


Unanaesthetized animals 

A comparison was made, for both drugs, of the dose required to cause 
general muscular weakness with that required to produce impairment of 
respiratory movements. The muscular weakness was assessed in monkeys by 
their inability to sit up or to support their heads or arms, and by infrequency 
and weakness of spontaneous movements, In each experiment the time 
required for complete recovery from paralysis was determined. In assessing 
impairment of respiratory movements, depression of the respiration so far as 
to necessitate artificial respiration was chosen as a convenient reference point. 
The results of repeated tests on six monkeys are given in Table 2. 

The injection of 0-5-0-77 mg./kg. decamethonium caused general motor 
paralysis lasting 55-130 min. Artificial respiration was needed in only 17% of 
_ the animals receiving 0-5 mg./kg. and in 80% of those receiving 0-77 mg./kg. 
decamethonium iodide. On the other hand, 0-15 mg./kg. of p-tubocurarine 
necessitated artificial respiration in all the animals tested, although recovery 
of motor paralysis was complete in 30 min. The predilection of D-tubocurarine 
for respiratory effects in the monkey was particularly striking with small doses ; 
even 0-075 mg./kg. caused exaggerated movements of the nostrils and thorax 
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suggestive of respiratory distress, without eliciting any signs of paralysis of 
postural muscles or of reduction of motor power. 

The results of Table 2 show further that threshold motor paralysis is obtained 
with a dose of decamethonium slightly smaller than 0-3 mg./kg.; but to produce 
in 50% of the animals respiratory depression requiring artificial ventilation, 
a dose of over 0-6 mg. /kg. is needed; the ratio of the latter dose to the former 
is estimated to be about 2-6:1. For p-tubocurarine the corresponding doses 
were about 0-09 and 0-12 mg./kg., with an estimated ratio of 1:3: 1. 


Tasiz 2. Comparison of respiratory paralysing effects of decamethonium 
and p-tubocurarine chloride in the unanaesthetized monkey and cat 


Number Mean time in min. 
Dose Tequiring 4.R. for full recovery 

Compound (mg./kg.) | Number tested % of muscle strength 
Decamethonium iodide 0-3 0/5 0 16 
0-5 1/6 17 55 
0-6 33 
0-77 4/5 80 130 
p-Tubocurarine chloride 0-075 0/5 0 3 
O10 5 25 
0-125 2 67 —_— 
0-150 3/3 100 29 
Cat 2 
Decamethonium iodide 0-03 0 0 10 
0-04 0 0 14 
0-05 0 0 30 
0-06 3 100 31 

p-Tubocurarine chloride 0-2 1 25 9+ 
0-25 2 100 17 
= Artificial respiration. 


Actions in cats 

Similar observations were made in cats, but it was not possible to do more 
than a few experiments, because the usual means of applying artificial respira- 
tion (manual compression of the chest; Eve’s method adapted to cats; or 
intermittent positive pressure applied through a face mask) were found to be 
rather ineffective. Our conclusions, therefore, take into account the individual 
behaviour of each cat used. With decamethonium, motor paralysis lasting for 
about 10 and 30 min. was produced by 0-03 and 0-05 mg./kg. of decamethonium 
respectively. These doses did not impair respiration sufficiently to enforce 
artificial respiration, and respiration seemed quite unaffected with doses of 
0-03 mg./kg. Increasing the dose to 0-06 mg./kg. was, however, enough to 
depress the respiration seriously. With p-tubocurarine, even at 0-2 mg./kg., 
appreciable respiratory depression was present; increasing the dose only to 
0-25 mg./kg. increased the respiratory depressant action to a dangerous level, 
although the paralysis still lasted little more than } hr. We have again estimated 
the ratio of the respiration-paralysing dose to the threshold motor paralysing 


dose; for decamethonium iodide this was about 2:1, and for p-tubocurarine 
about 1-2:1. 
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Actions in rabbits | 
Motor paralysis in the rabbit was measured by the failure of the righting 
reflex. Doses of decamethonium as well as of p-tubocurarine (given in single 
rapid intravenous injections), which just produced such failure, had to be 
increased by about 20% in order to bring about a condition of respiratory 
distress requiring artificial ventilation. The two drugs did not, in these experi- 
ments, show the characteristic differences seen in cats and monkeys. During 
experiments with the slow infusion head-drop method, on the other hand, this 
difference appeared to become noticeable; even then the difference between 
decamethonium and D-tubocurarine remained slight and was certainly not as 


pronounced as in cats and monkeys. 


Absence of depression of the respiratory centre by p-tuboourarine 

The sequence of events during the development of respiratory depression due 
to p-tubocurarine indicates clearly that paralysis of the respiratory centre 
is not the cause of its relatively strong action as respiratory depressant. The 
decrease in the amplitude of the respiratory movements is associated with 
a widening of the range of muscles participating in respiration. Thus, in cats 
under chloralose the slow and full respiratory movements of diaphragmatic 
origin change progressively after D-tubocurarine into movements involving 
more and more other thoracic and abdominal muscles. The frequency of re- 
spiration sometimes increases, but it does not decrease. Widespread convulsive 
attempts finally supervene, but even then the movements remain feeble. 
Ultimately, respiration assumes a gasping character. 

The general picture is the same in the unanaesthetized monkey. Again the 
quiet respiration gives way, after D-tubocurarine, to distinct thoracic and 
abdominal efforts, with dilatation of the nares at each inspiration and an ir- 
regular acceleration of respiration. Finally, there are gasping movements of 
feeble character, which, however, involve all the auxiliary respiratory muscles. 
Such a response is quite different from that seen after a central respiratory 
depressant, like thiopentone or morphine, which cause slowing of respiration 
and inactivity of the auxiliary respiratory muscles. The respiratory impairment 
after D-tubocurarine differs also from the ordinary response to asphyxia in 
which the auxiliary muscles are thrown into violent and powerful activity. 

Direct evidence for the absence of any central respiratory depression after 
D-tubocurarine has been obtained by recording in a cat the action potentials 
from the cut central stump of a phrenic nerve root. In the experiment of Fig. 4 
these action potentials were recorded simultaneously with those from the 
diaphragm and with the respiratory minute volume. The injection of 0-72 mg. 
D-tubocurarine produces rapid abolition of pulmonary ventilation, as shown 
from the record of the respiratory minute volume. The muscle action potentials 
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diminish rapidly; even in the third breath after the injection a considerable 
reduction has occurred. The action potentials of the phrenic nerve root, how- 
ever, show no sign of diminution at any time; indeed, the first change consists 


Before injection 


0-72 mg. p-tubocurarine 


Fig. 4. Cat, 3-2 kg. chloralose. (a) Record of respiratory minute volume; injection of p-tubo- 
curarine chloride 0-72 mg. intravenously. (b)-(d) Action potentials of central slip of phrenic 
root (above) and action potentials from diaphragmatic muscle (below); (b) two breaths im- 
mediately before injection of p-tubocurarine; (c) lst, 2nd, 3rd; and (d) 10th breaths after 
injection of p-tubocurarine. (Note electrocardiograms superimposed on diaphragm muscle 
action potentials.) 


in a prolongation and intensification of the discharge during each respiratory 


movement. Records taken from preparations of the phrenic nerve root con- 
taining two or three active nerve fibres showed that the intensification of the 
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discharge is partly accounted for by an increase in the frequency of the 
discharge in the fibres; after an injection of 0-48 mg. p-tubocurarine intra- 
venously, this frequency rose from 10 to 15/sec. during normal respiration to 
a peak value of 40/sec., at the same time as the respiratory minute volume 
fell by 60%. 

It is interesting to notice, in the record of the nerve action: potentials in 
Fig. 4, characteristic fluctuations after D-tubocurarine. Before the injection 
of this drug the respiratory discharge rises and falls more or less smoothly 
during each inspiration. By the third breath after the injection there are 
three pronounced fluctuations within the single inspiratory discharge, and by 
the 10th breath there are nine such fluctuations, rather closely related in 
time to the pulse rate. We did not analyse the cause of these rapid oscillations 
in the respiratory discharge; but whatever their cause, they do not suggest 
any depression of the respiratory centre. 

Similar results from the phrenic nerve preparation were obtained after 
decamethonium. No alteration in the respiratory discharge could be discerned 
until it began to increase with asphyxia. The differences between decame- 
thonium and D-tubocurarine cannot, then, be ascribed either to central de- 
pressant action by esieee ameman::- or to a central stimulant action by 
decamethonium. 

Salama & Wright (1950) have shown in the cat that direct intracisternal 
injection of 0-4 mg. D-tubocurarine chloride will stimulate the rate and depth 
of respiration, together with the other medullary centres. But we are doubtful 
whether so small a dose as 0-48 mg. given intravenously could possibly imitate 
these effects on the respiration. It certainly fails to reproduce the effect of 
an intracisternal dose on the blood pressure, described by these authors; and 
there is, in addition, evidence that the drug penetrates the blood-brain barrier 
with difficulty. Adrian & Bronk (1928) showed that asphyxia caused an 
intensification of respiratory discharge such as we have described; since, in 
our experiments above, the respiratory minute volume was rapidly and 
substantially depressed, and this depression was always accompanied by a 
proportionate increase in the electrical activity recorded from the phrenic 
nerve, we believe that this increase was, in fact, due to the accompanying 
asphyxia. 

Absence of obstruction to respiratory avr flow 

D-Tubocurarine causes no obstruction to the flow of air in and out of the 
lungs. This possibility had to be considered, particularly because of its 
histamine-liberating property. Indeed, if the release of histamine were 
associated with respiratory depression, the difference in the effectiveness 
of decamethonium and p-tubocurarine could be explained by this action, 


_ since D-tubocurarine is a stronger histamine liberator than decamethonium 


(MacIntosh & Paton, 1949). 
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It was found, however, that neither histamine nor propamidine, which is 
an even stronger histamine liberator than D-tubocurarine, depress respiration ; 
in cats under chloralose, in fact, these substances sometimes increase the 
respiratory minute volume, probably through a reflex mechanism, responding 
to the fall in arterial blood pressure. 

The first method by which the effect of p-tubocurarine on the air flow was 
measured was by recording simultaneously the respiratory minute volume and 
the intrapleural pressure. This is a simple and convenient technique, which 
has the advantage of retaining natural respiration. The volume of air moved 
in each breath is recorded, together with the pressure fluctuation which 


Fig. 5. Cat, 2-2 kg. chloralose. Record of intrapleural pressure and of respiratory minute volume. 
(a) At arrow, injection of 0-3 mg. p-tubocurarine chloride intravenously. (5) From another 
experiment. Trachea partially occluded between arrows. 


moved this volume, and by comparing these, we obtain a measure of the 
pulmonary resistance. Fig. 56 illustrates the change in such a record: that 
results from a mechanical obstruction to respiration; the minute volume is 
depressed, but the intrapleural pressure fluctuation is increased, and hence the 
resistance to air flow must be increased. After an injection of p-tubocurarine, 
however, no such effect is observed (Fig. 5a). On the contrary, the excursions 
of intrapleural pressure diminish at the same time and roughly in the same 
proportion as the minute volume, apart from the exaggerated deflexion 
observed during gasping, seen for instance at the end of Fig. 5a, as asphyxia 
progresses. The experiment, in fact, offered evidence that the resistance to 
respiration had remained constant, and that the source of the pressure change 
(i.e. muscular activity) had been weakened. But the estimate of the resistance 
of respiration by this means is not accurate enough to exclude the possibility 
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of a small element of bronchoconstriction contributing to the respiratory 
depression, masked by a larger degree of neuromuscular block. 

A more rigorous test was provided by the use of a pump to force a fixed volume 
of air periodically into the lungs, recording at the same time the air-pressure in 
the trachea. We were unable to obtain a significant bronchoconstriction with 


Fig. 6. Cat, 3-1 kg. chloralose, Record of intratracheal pressure during artificial respiration with 
chest open. (a) At arrow, 0-5 mg. arecoline intravenously. (6) At arrow, p-tubocurarine 
chloride 1 mg. intravenously, then at second arrow arecoline 0-5 mg. intravenously. 


histamine, but arecoline (0-5 mg. i.v.) elicited a good response (Fig. 6a). 
Injection of p-tubocurarine, however, in a dose of 1-0 mg., was entirely without 
effect, although the bronchial muscle was shown to be responsive to arecoline 
immediately afterwards (Fig. 65). 


Differences in the neuromuscular block produced by decamethonium 
and by p-tubocurarine 

Effect on single contractions and on a tetanus of muscle 

It is well known that the muscle curarized by p-tubocurarine chloride is 
unable to maintain a tetanus at its initial strength. Characteristically, the 
tension exerted by the curarized muscle during a tetanus is initially comparable 
to the tension developed during a single twitch, and then rapidly falls to a 
much lower level which is maintained fairly constant for tetani of durations 
up to 10 sec. As the dose of curare increases, and as the frequency of tetaniza- 
tion increases, the ratio of the maintained tension to the twitch tension becomes 
smaller, and often becomes zero. Thus, in a muscle in which the twitch has 
been reduced by 50%, the tension developed by a tetanus at 50/sec. usually 
falls rapidly to an undetectable value. Fig. 7 illustrates the phenomenon on 
cat’s tibialis, after a dose of 0-3 mg. D-tubocurarine intravenously, during 
stimulation of the sciatic alternately with single shocks and with a tetanus at 
20/sec. of 5 sec. duration; in this experiment the ratio of the maintained tetanic 
tension to the twitch tension fell from a normal value of 0-65 to 0-063 at the 
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deepest point of the block, although the single twitch was not reduced by more 
than about 40%. 

The same phenomenon is also shown in Fig. 7 in another muscle, soleus. This 
muscle fuses its contractions far more readily than does tibialis; and hence at 
this frequency of stimulation the tetanus/twitch ratio is initially high, about 7. 
At the depth of the paralysis by p-tubocurarine chloride, this ratio sinks to 
about 1, although it is difficult to estimate the ratio accurately with these 
feeble contractions. 


0-6) 


fj 


0-4 
f) 


Fig. 7. Cat 2-1 kg. chloralose. Simultaneous records of respiratory minute volume, contractions 
of soleus, and contractions of tibialis. Soleus and tibialis excited alternately with single 
maximal shocks and-with tetani at 20/sec. to the sciatic nerve. At arrow, D-tubocurarine 
chloride 0-3 mg, injected intravenously. 


During neuromuscular block by decamethonium the results of a similar 
experiment are different (Fig. 8). On the tibialis muscle, the tetanus/twitch 
ratio actually rose from 0-67 to 1-6, after a dose of decamethonium sufficient 
to diminish the tension of single twitches to less than one-fifth of their initial 
value. The paralysis of soleus is not sufficient to allow the calculation of similar 
ratios; but it is clear that the proportionate depression of the maintained 
tetanic tension is not greater than that of the twitch. 

A comparison of the first four twitch/tetanus pairs, in Fig. 8, after the in- 
jection of decamethonium, illustrates a significant point, that the tetanus/twitch 
ratio in the tibialis muscle treated with decamethonium increases as block 
deepens. This finding will be discussed later in connexion with the compound 
character of the tibialis. | 
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The comparison of decamethonium and p-tubocurarine depends to some 
extent, therefore, on whether single contractions of a muscle or a tetanic 
activity of a muscle are used as test object. When tested on single twitches, 
decamethonium has its highest potency relative to p-tubocurarine. But its 
relative potency falls when the comparison is made using intermittent tetani; 
decamethonium remains about equally active, but p-tubocurarine may then 
appear twice as effective as before. We have, then, one important mechanism 
contributing to the relative sparing of respiration by decamethonium; for 


Fig. 8. As Fig. 7. At arrow, decamethonium iodide 70 yg. injected intravenously. 
respiration is a tetanic activity, consisting of intermittent periods of stimulation 
of the diaphragmatic muscle fibres at a frequency of about 20/sec. (Adrian & 
Bronk, 1928). But this does not explain how decamethonium can paralyse 
respiration less than the muscular activity involved in posture and movement, 
for such activities are also tetanic in nature. | 


Comparison between effects on tibialis and on soleus muscles 


In Fig. 7 the dose of D-tubocurarine was sufficient to paralyse both twitches 
and tetani of soleus almost completely; but the twitch of tibialis was only 
depressed about 50°, and even the tetanus of tibialis still possessed 10% of its 
original strength. We have observed this relative sensitivity of soleus every 
time the comparison has been made. Taking all the experiments into account, 
we estimate that it needs about 50-70% more p-tubocurarine to paralyse 
twitches of tibialis fully than to do this to soleus. 

Fig. 8 shows the contrast presented when decamethonium is injected. It is 
now tibialis which is deeply paralysed, the twitch being reduced to 20% and 
the tetanus to 30% of normal, although the contractions of soleus are little 
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depressed. Thi is a regular phenomenon, and we have been able again 
to sr saat ar sensitivities of the two muscles; it needs about 30- 
50% more decamethonium to paralyse soleus than to paralyse tibialis. 

These differences do not represent a variation in the amount of injected drug 
reaching the two muscles. The experiments with simultaneous recording from 
the two muscles were undertaken so that the comparison between the muscles 
should be made while each was exposed to the same concentration of paralysing 
drug in the blood. But it is conceivable that the rates of blood flow in each 
muscle, and hence of uptake of a drug, might differ. This cannot have affected 
the results, however, because the exposure to the drug lasts for a considerable 
time, a period many times longer than the circulation time (cf. Gray & Paton, 
1949). Further, the time of onset of paralysis and the time of maximum effect 
would have been different in the two muscles, if differences in speed of reaching 
equilibrium with the circulating drug had existed; in fact, however, these times 
were always the same for the two muscles. The differences in depth of paralysis 
must, therefore, be due to differences in sensitivity to the drug. 

Figs. 7 and 8 include records of the respiratory minute volume. In Fig. 7 it 
is not possible to say whether the respiratory muscles are following soleus or 
tibialis the more closely, since the depression of the tetanus by D-tubocurarine 
is substantial in both muscles. But in similar experiments, with slightly smaller 
doses, we have seen depression of the respiration where neither twitch nor 
tetanus of tibialis were much affected, but soleus was considerably blocked. 
In Fig. 8, after an injection of decamethonium, by which twitches and tetani 
are almost equally paralysed, there is still clearer evidence that soleus parallels 
the behaviour of the respiratory muscles; for although tibialis is 80% paralysed, 
soleus is hardly affected, and the respiration not at all. 

Our results establish, therefore, that tibialis and soleus differ considerably 
in their sensitivity to decamethonium and to p-tubocurarine, and that of these 
two muscles, soleus resembles the respiratory muscles much more closely than 
does tibialis in its response to these drugs. 


Sensitivity of the diapl 

It follows from what has been already described, that the diaphragm should 
be more sensitive to D-tubocurarine than to decamethonium. We are greatly 
indebted to Dr Wien for testing this point for us on the isolated rabbit and 
kitten diaphragms in vitro. Using single shocks at a rate of 8/min., he found 
that on the rabbit diaphragm, decamethonium was one-quarter as active as 
D-tubocurarine; and on the kitten diaphragm, one-half as active as D-tubo- 
curarine. Since, with the rabbit head-drop test decamethonium is roughly 
twice as active as D-tubocurarine, and with tibialis twitch in cat about fifteen 
times as active, it is clear that in these species the diaphragm is relatively 
resistant to decamethonium. 
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The respiratory depressant action of D-tubocurarine after prostigmine 

The fact that decamethonium has a relatively weak action on the respiration 
in comparison to D-tubocurarine is not to be attributed to the weak anti- 
cholinesterase activity of decamethonium which p-tubocurarine does not share. 
For, if p-tubocurarine is tested in the presence of an anticholinesterase such as 
prostigmine, it retains its respiratory depressant action. In the experiment of 
Fig. 9, a dose of prostigmine was given which produced a large potentiation of 
the tibialis twitch and raised the paralysing dose of D-tubocurarine to more than 


Fig. 9. Cat, chloralose, Record of respiratory minute volume and of contractions of tibialis; 
nerve shocks every 10 sec. (a) At arrow, injection of 0-5 mg. atropine sulphate and 1-25 mg. 
prostigmine methylsulphate. (b) At arrow, injection of p-tubocurarine chloride, 2-5 mg. 
At second arrow, tetanus at 50/sec. for 5 sec. 


twice its original value. But, despite this clear evidence of successful antagonism 
to the muscle cholinesterase, a subsequent dose of p-tubocurarine which only 
paralysed the tibialis twitch about 40°, caused complete, rapid and sustained 
paralysis of respiration. 
DISCUSSION 
Effects on the respvration 

The experiments of this paper started by comparing the effects of decamethonium 
and p-tubocurarine on the respiratory muscles and on the tibialis twitch. In the 
cat under chloralose, the respiration is paralysed by p-tubocurarine before, and 
by decamethonium after, the twitch of the tibialis. This difference is not due 
to depression of the activity of the respiratory centre by D-tubocurarine, nor to’ 
interference by this drug with the mechanical task of respiration; nor is it due 


to the weak anticholinesterase activity possessed by decamethonium. But there 
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is a real difference in the neuromuscular blocks produced by the two com- 
unds. 

as analysing this result, it was found that two characteristics in the be- 
haviour of the neuromuscular blocks were of particular significance. First, 
there is a difference in the effect of decamethonium and of p-tubocurarine on 
the twitch and on the summated response of a muscle. For instance, pD- 
tubocurarine affects the tetanus of the tibialis more than the single twitch; 
a dose which only moderately reduces the twitch may abolish the tetanus. This 
is not so when the muscle is under the influence of decamethonium. Under 
these conditions the tetanus is well maintained and its tension, even if reduced, 
remains greater than that of the twitch. We have pointed out (Paton & 
Zaimis, 1949) that this difference between decamethonium and p-tubocurarine 
suggests a different mechanism of neuromuscular block; which later experi- 
- ments have in fact established, It follows from this difference that any com- 
parison of the drugs on a particular muscle will depend on the state of activity 
of that muscle. In our first experiments the tibialis twitch was compared with 
the respiratory movements, The fact that the latter are tetanic in character 
must contribute substantially to the selective depression of the respiration by 
p-tubocurarine. In general terms, it can be concluded that in muscles paralysed 
with decamethonium the reduction of a twitch-like or of a tetanic contraction 
will be more or less the same, whereas under D-tubocurarine the effect will 
depend to a great extent on the intensity of activity of the muscle. 

Secondly, there is a difference in the sensitivity of different muscles to de- 
camethonium and to D-tubocurarine, which may be related to their classi- 
fication as ‘red’ or ‘ white’, as will be discussed below. This fact emerged when, 
in addition to the tibialis, the soleus muscle was investigated. The soleus was 
found to be more sensitive to p-tubocurarine than was tibialis, and less 
sensitive to decamethonium. In these respects soleus was paralleled by the 
respiratory muscles. Our finding of the strong depressant action of p-tubo- 
curarine on the respiration in cats is therefore explained partly because re- 
spiration is a tetanic movement, and partly because the reactions of the 
respiratory muscles appear not to resemble those of tibialis but rather those 
of the soleus muscle. 

It has, however, been claimed that curare paralyses the diaphragm (or the 
respiratory muscles) last of all the striated muscles (e.g. Tillie, 1890; Gray & 
Halton, 1946). This appears to contradict our result that the earliest action 
of p-tubocurarine is a depression of the respiration. There are certain difficulties 
in comparing experiments of this sort. The preparation of curare, the anaes- 
thetic, the experimental animal, the frequency of stimulation of a muscle, the 
‘method of recording respiration, and the respiratory muscles studied: all vary 
from one worker to another. Further, in some instances where the diaphragm 
was exposed, cooling of the muscle may have diminished considerably its 
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sensitivity to the drug (cf. Holmes, Jenden & Taylor, 1947). Finally, the natural 
stimulus received by the respiratory muscles during curarization is not constant, 
but changes as asphyxia advances; so that it is not easy to compare an experi- 
ment in which single nerve shocks, regularly applied, are used to excite the 
diaphragm, with one in which natural respiration is retained. 

For the same reasons it is uncertain in what way our results on animals are 
applicable to man, until there is more information about the physiological 
characteristics of human muscle and of the nervous activity that excites it. 


The effects of ether 

The different action of ether anaesthesia on the responses to Srmmieationniene 
and to D-tubocurarine are readily understood if we remember that decame- 
thonium, like acetylcholine, depolarizes the end-plate region, whereas D- 
tubocurarine renders the end-plate less sensitive to acetylcholine. Ether was 
found to lessen the sensitivity of cat muscle to decamethonium, to depress the 
potentiation of the twitch due to decamethonium, to make the action of 
decamethonium somewhat more like that of curare (in that tetani are no longer 
well held, and respiratory muscle is more affected), and to intensify the action 
of p-tubocurarine. Similarly, ether is known to raise the threshold of cat muscle 
to acetylcholine, and to abolish the repetitive response of the muscle to single 
nerve shocks after eserine (Simonart & Simonart, 1934; Brown, Dale & 
Feldberg, 1936); it also causes neuromuscular block to which neostigmine has 
some antidotal action (Poulsen & Secher, 1949). We may summarize these 
actions by saying that ether raises the threshold of the motor end-plate to 
decamethonium equally with the threshold to acetylcholine; ether is bound to 
affect the neuromuscular blocks due to decamethonium and to p-tubocurarine 
in different: ways. 

Both ether and p-tubocurarine thus produce their effects at the neuromuscular 
junction by making the end-plates less sensitive to depolarizing agents, but 
itis unlikely that they do so by the same means. The action of D-tubocurarine, 
like that of similarly acting quaternary salts, is explained by its competition 
with acetylcholine or decamethonium respectively for the specific receptors in 
the end-plate region. The action of ether certainly cannot be regarded in this way. 
There is evidence, however, that it can lessen the permeability of the cell- 
membrane and increase its electrical impedance (see Héber, 1945, for references). 
Such changes could well be associated with a resistance to the depolarizing 
action of acetylcholine and decamethonium, so that the threshold to these 
substances would rise. Such a mechanism is, of course, quite distinct from the 
specific curare-acetylcholine antagonism at the end-plate, and analysis would 
probably reveal significant differences of behaviour. 
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The behaviour of ‘red’ and ‘white’ muscles 
in neuromuscular block 

It is well established that muscles differ in their sensitivity to curare, and 
similar variations in sensitivity have also been observed with decamethonium 
in man (Organe, Paton & Zaimis, 1949). But there is less agreement in the 
literature as to which muscles are more and which less sensitive to the various 
blocking agents (cf. Bremer & Titeca, 1935; Hartridge & West, 1931; Garry, 
1933; Brown & Harvey, 1941). Bremer & Titeca (1935) in a study of the effects 
of calabash curare on the postural tone of skeletal muscle, found that these were 
due to a selective action by curare on ‘red’ muscles. But in a comparison of the 
sensitivity to curare of gastrocnemius and soleus (excited by single nerve shocks), 
they could not demonstrate any difference in the direct sensitivity of these 
muscles to the drug. They attributed the selective action of curare on muscles 
subserving tone to the fact that these muscles were in constant activity, and 
produced evidence that in the presence of small doses of curare such activity 
would be sufficient to cause the appearance of Wedensky inhibition. This 
explanation is similar to that which we have advanced above, to account for 
part of the effect of p-tubocurarine on the respiration. But although our 
experiments on the sensitivity of the muscles themselves have had a different 
result, the distinction between ‘red’ and ‘white’ muscle is useful in under- 
standing our findings with D-tubocurarine and decamethonium. 

No physiological or histological distinction between ‘red’ and ‘white’ 
muscle can be drawn that is consistent over the whole musculature (cf. 
Needham, 1926; Creed, Denny-Brown, Eccles, Liddell & Sherrington, 1932). 
But for most of the skeletal muscles ‘redness’ is associated with slow contrac- 
tion and easy fusion of tetanic stimuli, and ‘whiteness’ with rapid contraction 
and fusion only at high frequencies. According to this distinction soleus can 
readily be classed as a ‘red’ and tibialis mainly as a ‘white’ muscle. But the 
behaviour of tibialis is more complex. Gordon & Holbourn (1949) have shown 


that its deep fibres are ‘redder’ and contract more slowly than its superficial 


fibres. This fact affords a fresh demonstration in a limb muscle of the association 
of muscle colour with speed of contraction and fusion frequency. Nevertheless, 
the whole muscle is ‘whiter’ than soleus and its contraction faster, so that in 
general it has to be classified as a ‘white’ muscle. 

There appear to be no published data as to the characteristics of respiratory 
muscle. From our experience of the action of D-tubocurarine in the cat, we 
would predict that respiratory. muscle should resemble soleus rather than 
tibialis. In fact, we have found that in an animal freed of blood by perfusion 
with saline, the diaphragm is distinctly ‘redder’ than tibialis; and the inter- 
costal muscles are ‘redder’ still, resembling soleus in tint. If the respiratory 
muscles can thus be classified with soleus rather than with tibialis, then our 
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pharmacological results with these muscles provide consistent evidence for the 
selective sensitivity of ‘red’ muscle to curare. 

The muscles examined differ in their sensitivity not only to p-tubocurarine, 
but also to decamethonium. But, unlike p-tubocurarine, decamethonium was 
found to be less effective in causing neuromuscular block in those muscles 
which can be classified as ‘red’ than in the predominantly ‘white’ tibialis 
muscle. There is, in fact, an inverse relationship between the two blocking 
agents. 

This correlation of type of muscle with sensitivity to blocking agents enables 
us to interpret some details of the results obtained on the tibialis muscle. The 
observed increase in tetanus/twitch ratio of the muscle during the development 
of block due to decamethonium, appeared originally a rather puzzling phe- 
nomenon; but it can be readily explained in the light of Gordon & Holbourn’s 
observation that tibialis is a compound muscle. For, if the deeper part of the 
muscle contracts more slowly and fuses tetani more readily than the superficial 
parts, it ranks nearer to the ‘red’ type of muscle like soleus, and it should 
therefore be more resistant to decamethonium than the superficial parts. 
During an increasing block due to decamethonium, then, the character of the 
muscle contraction would thus become more and more that of the deeper part, 
and the tetani would fuse more readily, and therefore the tetanus/twitch ratio 
must rise. This is precisely what happens. 


Inverse relationship between neuromuscular block due 
to decamethonum and that due to curare 


The inverse relationship between the two blocking agents is one of their 
most striking features. Those circumstances which enhance the activity of 
curare depress that of decamethonium (ether anaesthesia, the use of ‘red’ 
muscle); whereas decamethonium is more active when curare is less so 
(chloralose anaesthesia, the use of ‘white’ muscle). It is remarkable that the 
same situation exists when the sensitivity of various species is compared; the 
order cat-rabbit-mouse-rat is that in which curare becomes increasingly, and 
decamethonium decreasingly, effective. A third example is provided by the 
effect of a previous, small dose of curare; this intensifies the action of a further 
injection of curare, whereas it may raise two- or three-fold the dose of decame- 
thonium required to produce block (Paton & Zaimis, 1949). 

To understand this inverse relationship between the activity of decame- 
thonium and p-tubocurarine, we must realize that the mechanism by which 
the block is produced is different in the two cases, and that the action of 
decamethonium, apparently, is closely similar to that of acetylcholine. We 
know that decamethonium, like acetylcholine, can excite amphibian, avian, 
and mammalian muscle; both compounds can produce neuromuscular 
block; and both compounds depolarize the muscle membrane, chiefly at 
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the end-plate region (Kuffler, 1943; Paton & Zaimis, 19496; Burns e al. 
1949; Zaimis, 1949; Buttle & Zaimis, 1949). Decamethonium and acety]- 
choline, by their depolarizing action at the end-plate may, according to the 
circumstances, either initiate contraction or block transmission from the end- 
plate to the muscle fibre. If we assume, then, that decamethonium acts at the 
motor end-plate like acetylcholine, whereas D-tubocurarine opposes the action 
of acetylcholine, and that the sensitivity of the end-plate to acetylcholine and 
to decamethonium varies in the same way in different muscles under different 
conditions, the inverse relationship described becomes explicable. Suppose 
that the threshold at the end-plate region rises to the stimulating action of 
acetylcholine, then more decamethonium would be needed to produce block 
because the end-plate threshold rises similarly to the blocking property of 
decamethonium; but less D-tubocurarine would be required, because the 
acetylcholine released at the nerve terminals is now already partly antagonized. 
On the other hand, a decrease in threshold to acetylcholine renders the end- 
plate also more susceptible to the paralysing properties of decamethonium, but 
more curare will then be required to antagonize the enhanced stimulating 
action of acetylcholine. Whether the difference in sensitivity arises from the 
comparison of different types of muscle, different species, different anaes- 
thetics, or other conditions, it is bound to affect the neuromuscular block due 
to decamethonium and D-tubocurarine in opposite ways. 

The experiments described in this paper, therefore, support the supposition 
that decamethonium and acetylcholine act in closely similar ways. Indeed, it 
is probable that the sensitivity and the reactions of a muscle to decamethonium 
are an important guide to its sensitivity and reactions to acetylcholine; 
decamethonium may, therefore, be useful when the instability or other pro- 
perties of acetylcholine make it impracticable to use this substance itself. The 
characteristics of the decamethonium block, which we have described and 
contrasted with those of block due to p-tubocurarine both in this paper and 
elsewhere, may be taken to represent the typical behaviour of block due to 
acetylcholine. 

SUMMARY 

1. In cats anaesthetized with chloralose, decamethonium depresses the 
nerve-excited twitch of tibialis by 95% before depressing the respiration. But 
D-tubocurarine depresses the respiration before the twitch is at all affected. 
Ether anaesthesia increases the respiratory depressant action of both drugs. 

2. In unanaesthetized monkeys and cats, the dose of decamethonium re- 
quired to suspend respiration is 2-2} times that required to paralyse other 
movements, whereas with D-tubocurarine it is only 1}-1} times as great. 

3. D-Tubocurarine and decamethonium do not alter the respiratory dis- 
charge down the phrenic nerve during their action in depressing respiration, 
until asphyxia supervenes, when the discharge is intensified. 
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4. p-Tubocurarine does not cause any mechanical hindrance to the respira- 
tion, such as bronchoconstriction. 

5. p-Tubocurarine depresses a tetanus of a muscle excited through its nerve 
more than it depresses single contractions; but, during neuromuscular block 
due to decamethonium, the tetanus/twitch ratio of tibialis is maintained, and 
rises as block deepens. 

6. p-Tubocurarine depresses the contractions of soleus excited through its 
nerve more readily than those of tibialis, and decamethonium tibialis more 
readily than soleus. The changes of respiratory minute volume follow those of 
_contractions of the soleus fairly closely after both these drugs. 

7. D-Tubocurarine acting in the presence of a fully effective dose of 
prostigmine retains its respiratory depressant action. 

8. The diaphragm and intercostals in the saline-perfused animal are ‘red’ 
muscles. Itis suggested that in the skeletal musculature ‘red’ muscles are sensitive 
to curare and resistant to decamethonium, and ‘white’ muscles vice versa. 


We are greatly indebted to Dr B. Delisle Burns for recording phrenic nerve and diaphragmatic 
muscle action potentials for us. 
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Since the classical experiments of Bert (1878), there have been numerous 
attempts to investigate those adaptations of respiratory function which occur 
in response to a maintained hypoxia. 

Earliest studies were carried out at high altitudes. It was soon appreciated 
that in such experiments the physiological picture was complicated by exposure, 
severe exertion, and an inadequate dietary. Nevertheless, the studies of such 
pioneers as Haldane & Priestley (1935) and Barcroft (1925) contributed much to 
our present knowledge of the response of the body to reduced oxygen tensions. 

Haldane & Priestley (1935) and Barcroft (1925) also employed the technique of 
the reduced pressure chamber to a limited extent, and with the added stimulus 
of war, a number of detailed investigations were made, especially in the United 
States (e.g. Dripps & Comroe, 1947; Houston & Riley, 1947; Starr & McMichael, 
1948; Hall, 1948). However, it must be admitted that even with the latest 
designs of pressure chamber, living conditions are cramped, and the subjects 
tend to suffer from lack of exercise and boredom. 

The present paper reports findings on a short series of patients suffering from 
congenital malformation of the heart (Fallot’s Tetralogy). A condition of 
pulmonary stenosis, complicated by a right to left intra-cardiac shunt, gives 
rise to a greatly reduced arterial oxygen tension. Since this lesion has been 
present from birth, the survival of these subjects is evidence of adaptation to 
a maintained hypoxia. Such cases are of interest in that adaptations have not 
been complicated by the unfavourable external environmental factors of high 
altitudes or the low-pressure chamber. 

The oxygen dissociation curve has been plotted, and the arterial-capillary 
oxygen tension gradient determined in each case. The relative contributions 
of the normal sigmoid shape of the oxygen dissociation curve, and changes in 
tissue oxygen utilization, cardiac output, and haemoglobin level to the final 
adaptation of respiratory function have been analysed. 
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METHODS 


Blood Samples, Venous samples were taken from the superior vena cava, inferior vena cava, right 
atrium, right ventricle, and pulmonary artery, during the course of cardiac catheterization. 
Arterial samples were withdrawn directly from the brachial or femoral artery. Heparin was added 
to prevent clotting (40 unite/ml.), and the samples kept on ice until the oxygen content was 
determined. Samples for the oxygen dissociation curves were taken from the right atrium, These 
samples were stored in wide open-necked tubes at room temperature for a period not generally 
exceeding 2 hr. before equilibration. 
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Pressure in tonometer during equilibration (38°C., dry gas) 
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Fig. 1. Nomogram. To convert the pressure (wet gas) in the Van Slyke gas-mixing machine at 
a temperature of ¢° C., to the pressure (dry gas) in the equilibrating vessel at 38° C. 


Theoretical basis. Let T' = pressure in equilibrating vessel, A = pressure in Van Slyke machine. 
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The factor 51/50 allows for the increase in pressure caused by the addition of 5 ml. of blood 
to the 250 ml. tonometer. 


Basal oxygen consumption. This was measured by the standard spirometer technique after 12 hr. 
fast. 
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Gas mixtures. Tonometers were filled in the apparatus devised by Van Slyke & Peters (1922). 
The gas mixtures contained carbon dioxide at # constant tension (40 mm.); varying amounts of 
oxygen were added, and the pressure in the tonometer brought to 45 mm. below atmospheric by 
the addition of nitrogen. 

A nomogram was used to convert the observed pressure (wet gas) in the Van Sly gapr 
at room temperature to the pressure (dry gas) obtaining in the tonometer during equilibration 
at 38° C. (Fig. 1). After equilibration, the composition of the gas mixtures was checked by analysis 
in the standard Haldane gas analysis machine. This was found to be necessary since the composition 
sometimes differed appreciably from the intended value. From a knowledge of the percentage 
composition of the gas mixture and the pressure during equilibration, the corresponding 
tensions were calculated. 

mi./mi. at 15°C. 


0-009 


Pressure in tonometer 
0-008 — SSS less CO} tension) 
mm: Hg 


0005 5080-70-60 50-40 mm. Hg 

Oxygen tension in tonometer 

Fig. 2. Nomogram. Correction factor for oxygen and nitrogen held in physical solution during 
cooling of 1 ml. of blood from 38° to 15° C. and equilibrating with the atmosphere. 
Theoretical basis. Let pressure in tonometer be r mm. Hg. Let partial pressure of oxygen 
be O, mm. Hg. Let partial pressure of carbon dioxide be C, mm. Hg. 
Oxygen and nitrogen in physical solution at 15° C. and at atmospheric pressure 

=0-0188 ml./ml. 

Oxygen in physical solution at 38° C. and at partial pressure 0, mm. Hg 


0-022 x O 
Nitrogen in physical solution at 38° C. and at partial pressure (7 —- C, - O,) mm. Hg 


0-011(7 —C, - O,) 
Therefore, 
correction factor F =0-0188 10, + ml. /ml. at 15° C., 


0-011 0011, . 
F= + 0-0188 ml. /ml. at 15° C. 


For a given value of (7 -C,), 
dO, 760 
At temperatures above 15° C., subtract 0-00038 ml./° C.; below 15° C., add 0-00088 ml./° C. 
to the correction factor. 
Equilibration. 5 ml. samples of blood were drawn into 250 ml. tonometer tubes, filled with gas 
mixtures of varying composition as described above. Equilibration was assumed to be complete 
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after 30 min. rotation in a water-bath at 38°C. The blood was then discharged into centrifuge 
tubes under paraffin, and its oxygen content immediately determined. 

Blood gas determinations. A modified Haldane blood gas technique was employed, 1 ml. samples 
of blood being taken for each determination. The degree of unsaturation of each specimen was 
determined, and the error in most experiments was slight. Duplicate readings varied by no more 
than 0-2 vol. % about the mean value. Two or, where possible, three determinations were made 
for each point on the dissociation curve. The total oxygen capacity was also determined. Here the 
error was somewhat greater, and the mean of five values has been taken. 

A serious error in the blood gas determinations is caused by an alteration in the amount of 
oxygen and nitrogen held in physical solution during the process of cooling from 38° C. to room 
temperature and equilibrating with the atmosphere. The correction factor for this loss can be 
derived from a knowledge of the appropriate solubility coefficients. 

calculated (Fig. 2). 

RESULTS 


The experiments have been performed on three patients suffering from con- 
genital heart disease (R.B., G.S. and K.C.). The results obtained with one 
normal subject (J.E.) have been included for comparison. 


The oxygen dissociation curve 

As a first stepi in the analysis of the adaptation of these subjects to low oxygen 
tensions, it is necessary to determine whether their oxygen dissociation curves 
are of the normal type. The curves are given in Fig. 3. The ordinates represent 
percentage saturation with oxygen, the abscissae oxygen tension. The shaded 
area represents the limits of the curve drawn by Barcroft (1914) for nine 
healthy men. It can be seen that our curves for the three cases of congenital 
heart disease do not differ markedly from those obtained by Barcroft. More- 
over, our normal curve bears an exactly similar relation to the Barcroft curve. 
Thus any slight discrepancy can probably be referred to differences in technique. 
It is interesting to note that the mean curve obtained by Haldane & Priestley 
(1935) also lies somewhat to the right of Barcroft’s curve. 

The main point of interest is the close correspondence between our curves 
for normal and abnormal subjects. Although more recent workers have 
rejected Barcroft’s suggestion that at high altitudes the oxygen dissociation 
curve was modified by changes in intracorpuscular hydrion concentration, 
there has remained the possibility that the shape of the curve might be 
modified during maintained hypoxia by reversion to a foetal form of haemo- 
. globin. However, our results do not suggest that there is any alteration or 
displacement of the oxygen dissociation curve under conditions of maintained 
low arterial oxygen tension. Thus, some other explanation of the adaptation to 
_ the greatly reduced arterial oxygen tension must be sought. 


The arterial-capillary oxygen tension gradient 
The fall in oxygen tension on passing from inspired air to tissue capillaries 
must next be considered. In the normal subject the tension in inspired air is 
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some 150 mm. and falls to 100 mm. in alveolar air. The oxygen tension of the 
arterial blood is only slightly less, but there is a further fall of some 50 mm. 
on passing from arterial to mean capillary oxygen tension. Owing to technical 


Oxygen tension 


(0) 

Fig. 3. A comparison of the oxygen dissociation curves for normal individuals and cases of 
congenital heart disease. (2) Normal oxygen dissociation curves, (b) cases of congenital 
heart disease. Shaded area: limits of normality (Barcroft); ——, mean curve (Haldane); 
@©—©, normal subject (J.E.); x — x, case G.S.; ©-+-@, case K.C.; A—-- A, case R.B. 


difficulties itis not practicable to obtain accurate alveolar samples in these cases of 
congenital heart disease (Bing, Vandam & Gray, 1947 a), but direct measurements 
of arterial saturation on samples obtained from the pulmonary vein (Bing et al. 
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1947 a) suggest that the alveolar oxygen tension is essentially normal. Thus it is 
only necessary to consider the arterial-capillary oxygen tension gradient. 
Measurements of the oxygen tension at varying points in the systemic circu- 
lation are given in Table 1. The tension corresponding to a given oxygen 
content has been obtained by reference to the appropriate dissociation curve. 


Taste 1. Oxygen content and tension at varying points in systemic circulation 


Congenital heart disease 
Normal A 
Subject... J.E. R.B. K.C. G.8. 
Arterial o content (ml./100 ml.) 18-5 21-2 17-2 24-5 
Saturation ia 95 62-7 61-8 716 
Oxygen (mm.) 100 36-1 35-9 41-2 | 
Venous oxygen content (ml./100 ml.) 13-6 12-9 13-0 19-6 
_ BSataration (76) 70-0 38-2 53-4 57-2 
Oxygen (mm.) 44-7 27-7 32-6 33-0 
Mean ca oxygen content (ml./100 ml.) 16-1 17-1 15-1 22-0 
Saturation (%) 82-5 50-5 5746 64-4 


Mean oxygen tension (mm.) 61-4 31-7 34-0 36-3 


The arterial oxygen content is that of the brachial or femoral sample, except that for the normal 
subject (J.E.) an arterial saturation of 95 % has been assumed. 

The oxygen content of mixed venous blood is not easy to determine in cases of congenital heart 
disease, owing to the presence of a variety of intra-cardiac shunts. The oxygen content of the 
right ventricular sample has been used in K.C., but in R.B. it has been necessary to use the right 
atrial sample, and in G.S. the mean of superior and inferior vena caval samples. The value of 70 % 
for venous saturation in the normal subject J.E. is based on figures obtained by Cournand (1945), 
using the cardiac catheterization technique. 


The concept of the mean capillary oxygen tension, originally developed by 
Bohr (1909), has been applied to the systemic circulation by Houston & Riley 
(1947). It implies that tension which, if it existed along the entire length of the 
capillary, would permit the observed oxygen usage. It is calculated from the 
arterial and venous oxygen tensions by a graphic integration method, and in 
the case of the systemic circulation the value obtained rests upon the assumption 
that the extra-capillary oxygen tension is equal to one-half of the mean venous 
oxygen tension. We have calculated this quantity in a different way. The mean 
capillary oxygen content has been taken as half the sum of arterial and venous 
oxygen contents. The corresponding oxygen tension is then a fair approximation 
to the mean capillary oxygen tension. 

A comparison of values for the systemic mean capillary tension obtained by 
Bohr’s integration method with values obtained by our approximation has 
shown a close correspondence. In the congenital heart cases, the error is only 
a fraction of a millimetre, and although in J.E. the larger A/V difference gives 
tise to a greater error, even here it does not exceed 2 mm. Thus, the approxima- 
tion yields values which are sufficiently accurate for our subsequent analysis. 

It can be seen from Table 1 that the congenital heart cases show a much 
smaller drop in oxygen tension from arterial to mean capillary tension than 
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that occurring in the normal subject. Whereas J.E. shows a gradient of 
38-6 mm. Hg,-in K.C. the figure is only 3-0 mm. Hg. Thus, although the 
arterial tension in these subjects is reduced to as much as 60 mm. below the 
normal value, the mean capillary tension, which is the tension regulating 
diffusion into the tissues, is only reduced by some 20-30 mm. and this mean 
capillary tension is adequate to supply the oxygen needs of these subjects at 
rest. These changes are represented diagrammatically in Fig. 4. 


mm. Hg 
100 Arterial 


90 
80 
70 
Mean capillary 


Venous 
Arterial 
Yl Mean 
capillary 
Venous 


Normal Cases of congenital heart disease 
Fig. 4. Oxygen tensions at points in the systemic circulation. Note the low arterial oxygen tension 


and the small arterial-capillary oxygen tension gradient in the cases of congenital heart 
disease. 


Relative contribution of factors influencing the oxygen gradient 

Four factors might contribute to the support of the mean capillary oxygen 
tension in the face of the greatly reduced arterial oxygen tension. These are: 
(a) diminished tissue oxygen utilization; (b) the sigmoid shape of the oxygen 
dissociation curve; (c) increased cardiac output; (d) increased haemoglobin 
level in the blood. The contribution of each factor will be examined in turn. 

Diminished tissue oxygen utilization. Assuming the other three factors to be 
normal, a diminished tissue oxygen usage would tend to raise the venous and 
therefore the mean capillary oxygen tension. 

Evidence for such a diminution has been sought in the basal metabolic 
rate values (Table 2). Results have been obtained for the three cases 
which have been studied in detail, and also for twenty-one proven cases of 
Fallot’s Tetralogy. The mean figure for these twenty-one cases of +3-8 % 
(om + 3-2 %) does not suggest that the mechanism of decreasing tissue oxygen 
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utilization is called into action. This conclusion is in agreement with the results 
of most previous studies on oxygen usage in hypoxia, although Bing et al. (1947) 
has reported some decrease of the basal metabolic rate in many of his cases of 
congenital heart disease. 


Taste 2. Basal metabolic rate, cardiac output and haemoglobin level 


Congenital heart 
disease 

Normal - A ——, 21 cases 
Subject JE. RB. K.C. GS. (Guy's) 

A. Basal oxygen usage 06 265 252 210 # 165 
Basal metabolic rat rate (%) +74 +60 -55 -6565 +43843-2 

Cardiac output (L/min.): Observed 5-4 3-0 8-9 3-4 

normal 54 53 3-0 


(13 3-1 1-7 3-4 3540-3 
13 Subjects) 3-1+40-4; Stead (17 3-5+0-3) 
C, Pi sae level (%) 975 169 140 171 147 +55 


The sigmoid shape of the oxygen dissociation curve. A decrease in the oxygen 
tension of arterial blood would automatically lead to a smaller gradient for any 
given oxygen usage on account of the sigmoid characteristic of the normal 
oxygen dissociation curve. To examine the contribution of this factor alone, 
it is necessary to assume that the abnormal subjects have a normal cardiac 
output and haemoglobin level. Since the tissue oxygen usage has been shown 


TaBLE 3. Relative contribution of factors reducing arterial-capillary oxygen gradient 


A. Gradient in normal subject J.E. (mm.) 38-6 
Subject ... ods R.B. K.C. G.8. 
B. Gradient assuming A/V eran and 4-5 4-9 7-4 
haemoglobin as in J.E. (mm.) 
Contribution of sigmoid shape of oxygen 34-1 33-7 31-2 
dissociation curve = (A—B) (mm.) 
C. Gradient calculated from observed A/V 6-9 2-7 7-4 
difference assuming haemoglobin as in 
J.E. (mm.) 
Contribution of cardiac output =(B-C) —2-4 2-2 0-0 
since O, usage is normal in patients a 
(mm.) 
D. Actual gradient (observed A/V difference 4-4 1-9 4-9 
and haemoglobin) (mm.) 
= of haemoglobin level = (C-D) 2-5 | 0-8 2-5 
mm.) 


normal, the oxygen needs of the body under these conditions would be met by 

a similar arterio-venous oxygen difference to that observed in J.E.—that is, 

4-9 ml./100 ml., corresponding to a fall in saturation of 25-0 %. The arterial. 

capillary gradients corresponding to a 25-0 % fall in saturation have been 

calculated for each subject, and are shown in Table 3, Whereas the normal 

subject, J.E., achieves this yield with a gradient of 38-6 mm., R.B. (on account 
PH. CXII. 22 
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of his lower arterial oxygen tension) would achieve the same result with a gradient 
of only 4-5 mm. Thus the sigmoid shape of the oxygen dissociation curve is in 
this case responsible for a decrease of some 34-1 mm. in the arterial-capillary 
oxygen tension gradient. 

These results show that the normal shape of the dissociation curve is a most 
important factor in producing a small drop in oxygen tension from artery to 
capillary. 

Increased cardiac output. An increased cardiac output, by permitting a de- 
creased coefficient of tissue oxygen utilization, would again tend to raise the 
mean capillary oxygen tension. Cardiac outputs have been determined by the 
direct Fick method, under basal conditions. Results have been obtained for 
the three cases studied in detail, and also for twenty-one cases of Fallot’s 
Tetralogy (Table 2). The individual values differ slightly from the average 
values for normal subjects of similar build (Cournand, 1945), but the mean 
value of 3-5 (o,, + 0-4) 1./min./m.* of body surface does not show any significant 
difference from the values obtained by Stead, Warren, Merrill & Brannon 
(1945) or Cournand (1945) using similar techniques with groups of normal 
subjects. It is interesting to note that under the short-term hypoxia of the 
altitude chamber, Starr & McMichael (1948) have reported a considerable 
increase in cardiac output. 

The arterial-capillary oxygen tension gradient can be recalculated for the 
individual cases, to show the combined effect of the shape of the oxygen 
dissociation curve and any alteration in cardiac output. The observed value 
for the A/V difference is substituted for the standard value of 4-9 vol. %, but 
a normal haemoglobin level (97-5 %) is still assumed. 

The gradient (Table 3C) is not significantly different from that calculated 


in the previous section (Table 3B), confirming that in the individual case the | 


cardiac output has little or no effect in modifying the drop in tension from 
artery to capillary. 

Increased haemoglobin level in the blood. An. increase in the total oxygen 
capacity of the blood would allow asmaller fallin percentage saturation fora given 
oxygen usage, thus tending to maintain the venous and mean capillary oxygen 
tensions. The haemoglobin level has been calculated from the total oxygen 
capacity of the blood, assuming an oxygen capacity of 20 vol. % at s.7.P. to 
represent 100% haemoglobin level. It will be observed in each patient 
the value is markedly raised (Table 2). The contribution of this last factor to 
changes in the arterial-capillary gradient can be investigated by a similar 
series of calculations to that used in previous sections, except that the observed 
level of haemoglobin is substituted for the standard value of 97:5 %. The 
disparity between the gradient calculated in this way (Table 3D) and the 
gradient obtained as shown in Table 3C is a measure of the contribution of 
changes in the haemoglobin level to the production of a small arterial-capillary 
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tension gradient. It can be seen from the.#esults that this contribution is 
relatively small. 

A graphic representation of the relative contributions of the above factors in 
reducing the arterial-capillary gradient to the observed level is given in Fig. 5. 
This shows clearly that the normal sigmoid shape of the oxygen dissociation 
curve is by far the most important factor in reducing this gradient under 
conditions of maintained hypoxia. 


of 


Cases of congenital heart disease 
Fig. 5. Factors contributing to reduction in arterial-capillary oxygen tension gradient, 


Observed gradient [ ]. Reduction caused by shape of curve 


Reduction caused by haemoglobin level Se 


DISCUSSION 
There have been numerous attempts over the past few years to furnish an 
adequate explanation of the way in which the respiratory needs of the tissues 
are met under the conditions of maintained hypoxia occasioned by a reduction 
in the oxygen tension of inspired air. | 

Barcroft (1925) considered that the predominant factor was a shift of the 
oxygen dissociation curve to the left, and he claimed that a shift of this type 
would lead to a ‘redistribution of disadvantages’ in such a way as to benefit 
the tissues. 

Haldane & Priestley (1935) attached primary importance to the development 
of a secretory process at the alveolar membrane, this process assisting the 
transfer of oxygen in poorly ventilated alveoli and raising the mean arterial 
oxygen tension almost to its normal level. Both Barcroft and Haldane admitted 
that changes in the oxygen capacity of the blood, and a change in the acid/base 
balance such as to permit increased respiration, were further factors in the 
acclimatization of the body to these conditions. 
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Of more recent years it has become apparent that neither of these classical 
theories are adequate to explain all the experimental facts regarding the 
response of the body to hypoxia, and Houston & Riley (1947) suggested 
a further mechanism. They presented calculations which sought to prove that 
the main feature which permitted the survival of the tissues was the normal 
sigmoid shape of the oxygen dissociation curve. They pointed out that as the 
arterial oxygen tension fell, the gradient from arterial to capillary oxygen 
tension was automatically reduced, thus tending to maintain the level of the 
mean capillary oxygen tension. 

In our subjects, the cause of the hypoxia has been an intra-cardiac shunt, 
present from birth. Such cases may conveniently be used in the study of the 
response of the body to maintained hypoxia, and they have the advantage 
that many of the unfavourable environmental conditions of high altitude or 
the pressure chamber are avoided. The results which have been obtained clearly 
support the claim of Houston & Riley that the normal sigmoid characteristic 
of the oxygen dissociation curve is the most important factor in the response 
of the body to maintained hypoxia. By this mechanism, in the face of a very 
low arterial oxygen tension, a satisfactory supply of oxygen to the tissues is 
achieved with a relatively small fall in capillary oxygen tension, and this 
reduction in the arterial-capillary oxygen tension gradient would appear to be 
an adequate explanation of that degree of adaptation which is observed in the 
hypoxia of congenital heart disease. 


SUMMARY 

1. The oxygen dissociation curves have been plotted for three patients 
suffering from congenital heart disease, and for one normal patient. The arterial, 
venous, and mean capillary oxygen tensions have been calculated for each of 
these subjects. 

2. Although all the abnormal subjects showed polycythaemia, there is no 
evidence to suggest that the oxygen dissociation curve is either altered or 
displaced as an adaptation to the hypoxia of congenital heart disease. 

3. There is a marked reduction in the arterial-capillary oxygen tension 
gradient in the congenital heart cases. 

4. The most important of the factors contributing to this reduced gradient is 
the normal sigmoid characteristic of the oxygen dissociation curve. The effect 
of changes in haemoglobin level, cardiac output, and tissue oxygen utilization 
seems to be slight. 

5. The alteration in the gradient due to the normal shape of the dissociation 
curve seems adequate to explain that degree of adaptation to low arterial 
oxygen tension which is observed in cases of congenital heart disease. 
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THE LATENCY OF SENSATIONS OF WARMTH 
DUE TO RADIATION 


By GORDON H. WRIGHT 
From the Anatomy School, University of Cambridge 
(Received 14 April 1950) 


The first aim of this investigation was to study the sensations of warmth evoked 
from the skin by visible and infra-red radiation. This type of stimulus was used 
as it is easy to control and to measure and gives a ‘pure’ sensation of warmth 
uncomplicated by touch or outward ‘reference’ or paradoxical sensations. It 
was soon found that there was a marked latency from onset of stimulus to onset 
of sensation; and that this latency varied greatly, in a fairly predictable 
manner, as the sensation was varied by alteration of the intensity or the extent 
or the site of application of the stimulus. This observation suggested that the 
latency or a derivative of it might prove useful as a numerical indicator of 
central sensory effect ; and the main part of this paper is a report of experiments 
designed to test the hypothesis. Pollitzer (1884) observed the very variable 
latency of sensations caused by radiant heat, but reached no clear-cut con- 
clusions. 

Preliminary experiments with some seventy subjects, on many parts of the 
body, established that: (1) The onset of a sensation of warmth is gradual. The 
mode of onset is often described as a ‘building-up’ or ‘surging-up’ of warmth, 
and its duration is subjectively estimated at a fraction of a second, up to per- 
haps 4 sec. or more. Thereafter the intensity of the sensation is constant or 
rises slowly. (2) Both the rapidity of increase of a sensation of warmth, and its 
final magnitude, are greater at a more sensitive than at a less sensitive site (the 
stimulus threshold being used as the criterion of sensitivity); and both rise as 
the intensity of the stimulus is increased. They also both rise as the area of 
application of the stimulus is increased; it is significant that the extent of a 
sensation of warmth due to radiation is in general not accurately observed 
unless particular attention is paid to it. An increase in the area of application 
of a stimulus is often misinterpreted as an increase in its intensity. (3) The 
period of latency from onset of stimulus to onset of sensation is very variable; 
the range in these experiments was from about } sec. to about 20 seo. It is 
shorter at more sensitive sites than at less sensitive ones, shorter when the 
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stimulus is strong than when it is weak, and shorter when the stimulus is of 
large extent than when it is small. 

To summarize: any factor that increases the rapidity of increase and the 

final magnitude of a sensation of warmth, also reduces the latency; and vice 
versa. 
The period of time that is easiest to measure is from the moment of onset of 
the stimulus to the moment of overt motor response (release of a telegraph-key) 
by the observer. This is the simple reaction time of the experimental psycho- 
logists, and the same term is used whether the stimulus is momentary (touch 
or electric shock) or continued (light or sound). It was the reaction time (RT) 
as thus defined that was measured in these experiments. Trials with many 
observers showed that there is a marked variability of the RT even when the 
stimulus and the environmental conditions are thought to be constant. This 
variability necessitates numerous repetitions of each stimulus. Moreover, it is 
found necessary to rest a test site for not less than about 2 min. after each 
exposure to get results that are at all consistent. A possible explanation of this 
need may lie in the observation of Oppel & Hardy (1937) that even weak 
stimulation of the skin causes the skin temperature to be raised for more than 
a minute. It is thus impossible to obtain the requisite number of readings at 
a single session or indeed with a single observer. 

Other factors either certainly or probably affecting the RT are room tem- 
perature and humidity, barometric pressure, the observer’s previous activities 
and initial skin temperature, and practice and fatigue. Hence it is impossible 
to standardize the conditions of the different parts of a single experiment. 

Finally, the differences between the R7’s of one observer and another may 
be very great. Differences of size, of pigmentation, and of the amounts of hair 
at the test sites may contribute to them but appear to be insignificant in com- 
parison with the various ‘central’ differences. The same applies to differences 
of environment; they are negligible in comparison with the ‘central’ differences 
between one observer and another. 

Hence it was decided (a) to carry out only one experiment lasting about 
40 min. with each man; but in that one experiment to use the whole range of 
stimuli to be investigated ; (b) to secure an adequate number of readings of each 
RT, and also to gain an idea of the range of variation within the group, by 
using as many observers as possible, each one doing essentially the same experi- 
ment; and (c) to disregard the variability of the environment and to make a 
direct comparison of the results of different observers as though they had been 
obtained under identical conditions. 


METHOD AND APPARATUS 
The observer sat or stood as comfortably as possible behind a large screen which concealed from 
him the stimulating apparatus and the experimenter, and which also ensured uniformity of the 
reflected radiation incident upon the parts of his skin adjacent to the test site. The test site was 
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held close to an adjustable circular aperture in the screen, 


The source of radiation was a 1000 W. tungsten-filament bull 
The resulting beam was passed through a simple system of g 
illumination in the plane of the observer’s skin. Bolometry sh« 
not more than +3-5% over the largest area used, a circle of 16 

The mean intensity of the stimulus could be reduced without a 
by rapidly rotating sectors of polished aluminium sheeting whi 
The angles of these sectors were chosen to give a geometric series 
total range was 1 x 16. 

The aperture in the large screen was occupied by one of a s 
aperture. The areas of these apertures were chosen to give @ geor 
range 1 x 22-6. As these masks almost but not quite touched 
appreciably affect the evenness of illumination of the skin, or 
confirmed by bolometry for all areas. 

The four sites used (epigastrium, interscapular region, palm 
because they could all be placed and held comfortably in the test 


the narrowest part of the beam where it was less than 4:5 cm. in 
by a spring-and-trigger mechanism which ensured rapid and uni 
shutter was an electric switch. The observer signalled the onset 
graph key. This key and the shutter switch were in series in the c’ 
a kymograph, and were so arranged that the pointer rose wher 
again when the observer signalled a sensation. The RT could t 
measurement on the kymograph record. 

Seventy-eight observers took part in the two series of experir 
in each series. They were all male undergraduate medical stude 
selected volunteers. They included two Nigerians, an Indian anc 
done any experiments of this type, and they were unaware of the 
was explained from a strictly empirical standpoint. Each man hi 
same test sites as were to be used in the formal experiment, eith 
7 days later. 

The technique of testing was as follows. Once in position, the 
verbal warning to be ready. He depressed the telegraph key an 
closed his eyes. It was therefore impossible for him to know the | 
be applied or its extent or the time of its application. The kymo, 
noise serving both to give the observer a final warning to be ale 
the shutter. The shutter was always opened about 2 sec. afte 
observer's readiness would be greatest when the stimulus wa: 
He was required to keep the key depressed until the moment wh 
an additional sensation, not necessarily of warmth, at the test 
immediately as possible. Each stimulus was continued until th 
a limit of 15 sec. When he did not respond within 15 sec., a s 
threshold: for, although RT’s up to 20 sec. have been recorded ¥ 
above 15 sec. were considered to be unreliable with these untrai 

In both series of experiments there was an interval of 1 min. or 
Since in each series two sites were used, which were stimulated : 
was always an interval of 2 min. or more between successive sti 

In both series subthreshold stimuli served as controls. 

In most cases, the observer was asked after his experiment : 
whole, he had felt the stronger and clearer sensations of warmtt 
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the screen, through which the stimulus was 


filament bulb with a concave mirror behind it. 
system of glass lenses so as to produce even 
jolometry showed that the intensity varied by 
a circle of 16 cm. diameter. 

ed without any loss of evenness of illumination 
sheeting which cut the beam perpendicularly. 
metric series of intensities with factor +/2. The 


y one of a series of masks of varying circular 
‘0 give a geometric series of factor ./2 and total 
lite touched the observer's skin, they did not 
the skin, or the average intensity. This was 


region, palm and back of, hand) were chosen 
ly in the test position and were all far from the 


rmined by manipulation of a shutter placed at 
sn 45 om. in diameter. The shutter was driven 
apid and uniform action. Incorporated in the 
ed the onset of a sensation by releasing a tele- 
eries in the circuit of a relay which recorded on 
er rose when the shutter was opened and fell 
» RT could then be determined from a single 


ies of experiments reported below, thirty-nine 
nedical students aged 18-26, and were all un- 
nm Indian and an Iraqui. None had previously 
aware of the intention of them. The procedure 
Each man had about 5 min. practice using the 
riment, either later the same day or from 1 to 


position, the observer was given a preliminary 
graph key and also turned his head away and 
to know the intensity of the stimulus about to 
n. The kymograph motor was then started, its 
ing to be alert and to mask the slight noise of 
t 2 sec. after this final warning, so that the 
stimulus was first applied (Woodrow, 1914). 
‘moment when he was first definitely aware of 
» at the test site; then to release the key as 
ued until the observer responded to it, up to 
15 sec., a stimulus was supposed to be sub- 
n recorded with experienced observers, values 
these untrained men. 

l of 1 min. or more between successive stimuli. 
stimulated alternately, this meant that there 
uccessive stimuli to a particular site. 

as of warmth. 
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the intention was to define the dependence of the RT upon the extent of the stimulus, 
sing constant. The test sites used were the epigastrium and the interscapular region, 
h comparatively flat over a wide area. The intensity throughout these experiments 
10%) g.cal./om.*/sec, (It will appear later that this degree of variability of the in- 
t affect the validity of the conclusions drawn.) Ten sizes of stimulus were used, all 
3-36 to 16 cm. diameter. The ten different stimuli were applied once each to each site, 


lers to obviate the effects of suggestion or conditioning, practice or fatigue, or pro- | 
6 of environmental conditions. They were then all repeated, different random orders 
» that in all each size of stimulus was used twice at each site with each observer. 
the intention was to define the dependence of the RT upon the intensity of the stimu- 
being constant. The sites used were the palm of the right hand and the back of the 
i the stimulus was always applied to a circular area of 5-66 cm. diameter. Nine 
sities were used, from 0-0045 to 0-072 g.cal./om.*/sec., each being subject to a varia- 
. The order of the stimuli was such that each site received a total of eighteen stimuli— 
* in random order, repeated in a different random order. 


RESULTS 

Series A. Dependence of RT upon extent of stimulus 
nen responded to all twenty stimuli applied to the epigastrium; the 
y-seven failed to respond to a variable number of the stimuli (1 to 
it of 20). All thirty-nine men missed some of the stimuli applied to 
apular region (2 to 18 each, out of 20). 
y speaking, the stimuli missed by a given observer were all smaller 
he felt, and therefore a fairly definite area threshold was indicated. 
astrium the highest area threshold was about eight times the lowest ; 
interscapular region the highest was about sixteen times as large as 
area threshold. These figures emphasize the very great variations 
nan to another, and the risk of basing quantitative conclusions on 
is with small numbers. 
is area threshold each observer responded with increasing rapidity 
nt of the stimulus was increased. For example, the results of stimu- 
epigastrium in three experiments only are given in Fig. 1; they are 
the results for both sites and all observers. These curves illustrate 
e relationship between RT and log area is of similar form in all 
ts, RT falling as log area rises, (b) the area threshold varies widely, 
rver with a high area threshold generally responds more slowly than 
low area threshold, to the same stimulus, (d) the R7’s for different 
show a slight scatter when the stimulus is large and an increasingly 
er as the size of the stimulus is reduced. 
seven of the thirty-nine men were asked at which site they had felt 
er and clearer sensations of warmth. Seventeen of them reported 
igastrium was the more sensitive site. The numbers of stimuli missed 
ere significantly smaller at the front than at the back, as one would 
m the subjective estimates of sensitivity. Five men reported that 
sapular region was the more sensitive site. The numbers of stimuli 
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missed by them were significantly smaller a 
men adjudged the two sites of equal sensiti 
they missed were not significantly different | 


RT in sec. 


0 0-95 1-40 1-25 1-40 1-55 1-70 
Log area 

Fig. 1. Epigastrium. The relationship between reactic 
being constant. Three observers only. Each point 


Series B. Dependence of RT upo 

Only one man responded to all eighteen s 
hand. The other thirty-eight failed to respon 
(2 to 12 each, out of 18). 

_ All thirty-nine missed some of the stimul: 
(1 to 8 each, out of 18). 

Generally speaking, the stimuli missed by ¢ 
those that he felt, and so a fairly definite int 
the palm the highest intensity threshold was 
on the back of the hand the ratio of highest 
These figures confirm the wide range of sen: 
thresholds. 

Above his intensity threshold each obsi 
rapidity as the intensity of the stimulus wa: 
three typical sets of results in Fig. 2. 

All thirty-nine observers were asked at wh 
and clearer sensations of warmth. Twenty-tv 
of the hand was the more sensitive site. The 1 
the back of the hand were significantly smalle 


3 
i 
far 
, 
4 
4 
‘ 
q 


IN H. WRIGHT 

smaller at the back than at the front. Five 
ual sensitivity. The numbers of stimuli that 
different at the two sites. 


40 1-55 1:70 1-85 2-00 2-15 2:30 
Log area 


jween reaction time and extent of stimulus, intensity 
. Each point shows the average of two readings. 


of RT upon intensity of stimulus 
eighteen stimuli applied to the palm of the 
| to respond to a variable number of stimuli 


the stimuli applied to the back of the hand 


nissed by a given observer were weaker than 
lefinite intensity threshold was indicated. On 
shold was about eight times the lowest; and 
of highest to lowest was about four to one. 
nge of sensitivity already indicated by area 


each observer responded with increasing 
imulus was increased. This is illustrated by 
2. 
sked at which site they had felt the stronger 
Twenty-two of them reported that the back 
site. The numbers of stimuli they missed on 
ntly smaller than the numbers missed on the 
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palm. Ten men considered that the palm was the more sensitive site and seven 


men were unable to decide, In these groups the numbers of stimuli missed at 
the two sites were not significantly different. 


RT in sec. 


NMP we © 
T 


0-65 0-80 0-95 1-10 1:26 1-41 1:56 1-71 1°86 
Log (1000x intensity) 


Fig. 2. Back of hand. Relationship between reaction time and intensity of stimulus, extent being 
constant. Three observers only. Each point shows the average of two readings. 


DISCUSSION 


The reaction time may be considered as the sum of many components, some 
variable and some constant. The variable components are the latency of the 
peripheral sensory apparatus (skin and receptors) and a complex central delay 
additional to the smallest possible conduction-time through the central nervous 
system. Estimates of the constant components, which together form an 
‘irreducible minimum’, are given in Table 1. 

The estimates have been arrived at as follows: 


Anatomical details. The lengths of the pathways were computed from measurements made on 
the observers who took part, and on dissections. The peripheral sensory pathway was 51 cm. long 


.-for the epigastrium, 7-5 om. for the interscapular region, and 81 cm. for the palm and the back of 


the hand. The central sensory pathway was taken to be 45 cm. for the epigastrium, 29-5 cm. for 
the interscapular region, and 21 cm. for the hand. The central motor pathway, from cerebral 
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cortex to seventh cervical neural segment, was assumed to be always 19 cm. long, and the motor 
nerve, from there to the motor points of the extensor muscles in the forearm, was assumed to be 
63 om. long. The sensory pathway must involve not fewer than two synapses, the motor pathway 
probably not fewer than two, and the link between them at least one synapse. 


Taiz 1. Estimates of the shortest possible values of the conduction times and 
latencies which make up the simple reaction time 


Interscapular 
region 
(msec.) (msec.) (msec.) 

way 10-2 

Central sensory pathway 75 4 . 
Central motor pathway 3-2 3-2 3-2 
Peripheral motor pathway 70 70 70 
Five synapses 76, 75 75 
Motor apparatus 35-0 35-0 35-0 
70-4 59-1 72-4 


Conduction rates. (a) According to Gasser (1934) the A group of fibres in a mammalian cutaneous _ 


nerve have conduction rates of from 75 to 30 m./sec. He considered that some at least of the 
‘warmth’ fibres are larger than the ‘cold’ fibres, which are probably among the smallest in the 
A group. A conduction rate of 50 m./sec. has therefore been assumed for peripheral ‘warmth’ 
fibres. This figure is conservative; a rate as low as 5 m./sec. has been suggested by Heinbecker, 
Bishop & O’Leary (1934). (6) A speed of 60 m./sec. has been assumed, arbitrarily, for conduction 
along the central sensory pathway. (c) The average speed of conduction in the human pyramidal 
tract is not known. Brookhart & Morris (1948) have found a ‘characteristic conduction velocity’ 
of 35-60 m./sec. for the pyramidal tract of the cat, and the higher of these figures is assumed to 
be approximately true for man. (d) The speed of conduction in the motor nerves has been assumed 
to be 90 m./sec. (¢) An average delay of 1-5 msec. per synapse is the shortest probable one. (f) Virckel 
(1922) has shown that action currents can be detected in the extensor muscles of the forearm an 
average of 35 msec. before the key is actually released. (g) No time allowance could be made for the 
greater thickness of the epidermis in the palm than at the other sites, because of lack of information. 
Since the smallest R7' measured in these experiments was about 500 msec. 
(with an experimental error up to + 20 msec.), we may take the fixed components 
of the RT to be 70 msec. for the epigastrium, 60 msec. for the interscapular region, 
and 70 msec. for the hand. Since these totals are at most only about 15% of any 
particular RT’, any error made in the above estimates is of the second order. 
If the variable component of the reaction time be designated RT”, then 


For epigastrium RT’ = RT —70 msec., 
For interscapular region RI’ =RT—60msec., 
For palm or back of hand RZ’ =RT—70msec. 

This variable component or corrected reaction time (RT7’) gives a more 
accurate indication than RT itself of the variations due to change of stimulus; 
and it also makes possible a more valid comparison between one site and 
another. 

Now RT” is a measure of time; it is the sum of the durations of several 
processes both peripheral and central. Its reciprocal, 1/RZ’, is therefore a 
measure of the speed of those processes; perhaps ‘quickness of reaction’ is the 
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term that comes nearest to describing what is really a very complex function. 
A lack of precision of this concept need not, however, detract from the utility 
of the function 1/R7”. 
1/RT" and extent of stimulus 
The curves of Fig. 1 illustrate the fact confirmed in all experiments of the 
‘A’ series, that RT and hence also RT” falls steadily as the extent of the stimulus 
is increased. In other words, as the size of the stimulus is increased, intensity 
being constant, there is a steady rise of 1/R7’, the ‘quickness of reaction’. 


0 "0-95 1-40 1:25 1-40 1-55 1-70 1-85 2:00 245 2:30 
Log area 
Fig. 3. Epigastrium. Relationship between ‘ quickness of reaction’ (1/R7”) and extent of stimulus, 
intensity being constant. Three observers only. Each point shows the average of two values. 


The relationship between log area and quickness of reaction (1/RT7’) is 
illustrated in Fig. 3, in which the same three sets of results have been used as 
in Fig. 1. The curves of Fig. 3 show an approximately linear relationship be- 
tween log area and 1/R7” for each observer, and approximately the same degree 
of scatter of 1/RT”’ at all values of log area. 

.The complete plot of 1/R7’ against log area for each site has been examined 
by Dr H. E. Daniels, who reports that (a) for all values of log area, the distri- 
bution of 1/RZ” is approximately normal; (b) the variance of 1/R7" is approxi- 
mately the same for all values of log area; (c) the means of these distributions 
lie on a curve that is approximately a straight line; and (d) at the lower values 
of log area the full distributions of 1/R7’ are not available because many 
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stimuli were missed; therefore the medians are easily determined but not the 
means. 

Hence it is justifiable to use the median values of 1/R7” as useful first 
approximations to average behaviour, and to fit a straight line to them by the 
method of least squares. | 

In Fig. 4 are plotted the medians of the seventy-eight readings obtained for 
each size of stimulus applied to the epigastrium, with all thirty-nine observers. 
The superimposed straight line is the calculated best fit; the closeness of the 
fit justifies the method thus far. An equally good fit was obtained for the inter- 


scapular region (not figured here). 


02+ 

0-95 1-10 1:25 1-40 1-55 1:70 1-85 2-00 2-15 2:30 


Log area 


Fig. 4. Epigastrium. Relationship between ‘ quickness of reaction’ (1/R7”) and extent of stimulus, 
intensity being constant. Thirty-nine observers. Each point shows the median of seventy- 
eight values. The arrow indicates area threshold. 


Now as area threshold is approached the RT rises with increasing rapidity 
(Fig. 1), until at threshold the R7 is about 15 sec. Thus as the area threshold 
is approached the quickness of reaction (1/RZ") falls progressively until at 
threshold it is about 1/15. Hence area threshold is indicated in Fig. 4 by the 
intersection of the line of best fit with the line 1/RT’ = 1/15. 

It is clear from Fig. 4 and from the similar curve for the interscapular region, 
that quickness of reaction (1/R7") is a linear function of log area over a range 
of areas not less than 1x 5-6 from threshold. This spatial summation of the 
quickness of reaction is paralleled by a spatial summation of sensation over the 
same range of areas. The larger the stimulus, the more intense is the sensation 
and the more quickly is it felt. We may therefore say that quickness of reaction 
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and strength of sensation vary in parallel fashion; that both vary directly as 
the extent of the stimulus. The relationship cannot be expressed more precisely 
because intensity of sensation cannot be expressed quantitatively. 


x 
x 


O1- 


1/15 
0-65 080 0-95 1:10 1-26 1-41 1°56 1-71 1-86 
Log (1000 x intensity) 
Fig. 5. Back of hand. Relationship between ‘quickness of reaction’ (1/RT’) and intensity of 
stimulus, extent being constant, in thirty-nine observers. Each point shows the median of 
seventy-eight values. The arrow indicates intensity threshold. 


1/RT" and intensity of stimulus 

The results of the ‘ B’ series of experiments (dependence of RT upon intensity 
of stimulus) have proved amenable to a very similar method of treatment. 
Complete plots of 1/R7” against log intensity have been made, and the medians 
used as indicative of average behaviour. Straight lines have been fitted to the 
medians, except at the two highest intensities, by the method of least squares. The 
median values of 1/R7”, and the fitted line, for the back of the hand are shown 
in Fig. 5. This figure and the very similar one for the palm (not reproduced) 
show a linear relationship between 1/RT7” and log intensity from intensity 
threshold (indicated by the intersection of the best-fitting line with the line 
1/RT’ = 1/15) up to an intensity about four times as great for the back of the 
hand and about five and a half times as great for the palm, and a falling off of 
the rate of increase of 1/RT’ at higher intensities. 
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Increasing the intensity of the stimulus therefore increases not only the 
strength of the resulting sensation, but also the quickness of reaction ; we may 
say, again, that quickness of reaction and strength of sensation vary in parallel 
fashion. 
1/RT’ and site 

In the ‘A’ series there were seventeen men (p. 347) who reported that the 
epigastrium was more sensitive than the interscapular region. Their median 
values of 1/R7” for both sites have been plotted, and straight lines fitted as 


Epigastrium 


la 
0-95 1-10 1-25 1-40 1-55 1-70 1-85 2-00 2415 2:30 
Log area 
Fig. 6. Relationship between ‘quickness of reaction’ (1/R7”’) and extent of stimulus, intensity 
being constant, in seventeen observers who reported that epigastrium was more sensitive than 
interscapular region. Each point shows the median of thirty-four values. Arrows indicate 
area thresholds. ; 


before (Fig. 6). The curves show that the area threshold of the hypothetical 
‘average man’ of this group was lower for the epigastrium than for the inter- 
scapular region, thus confirming the subjective reports. The curves show also 
that whatever the size of a given stimulus 1/R7” was higher for the epigastrium 
than for the interscapular region. There were five men in the ‘A’ series who 
reported that the interscapular region was the more sensitive site. Their 
median values of 1/R7” are plotted in Fig. 7. The lines of best fit show that the 
area threshold of the ‘average man’ was lower for the interscapular region than 
for the epigastrium, and also that 1/R7” was higher for the interscapular region 
than for the epigastrium, whatever the value of log area. 
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0-95 110.1-25 1-40 1-55.1-70 1-85 2:00 2145 2:30 
Log area 


Fig. 7. Relationship between ‘quickness of reaction’ (1/R7”’) and extent of stimulus, intensity 
being constant, in five observers who reported that interscapular region was more sensitive 
than epigastrium. Each point shows the median of ten values. Arrows indicate area thresholds. 


‘0 0-95 1-10 1-25 1-40 1-55 1-70 1-85 2:00 215 2: 
Log area 


Fig. 8. Relationship between ‘ quickness of reaction’ (1/R7”) and extent of stimulus, intensity being 
constant, in five observers who reported that epigastrium (points) and interscapular region 
(crosses) were equally sensitive. Each point shows the median of ten values. 
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Finally, there were five observers who adjudged the sites equally sensitive. 
Their median values of 1/R7", plotted in Fig. 8, give practically coincident lines 


of best fit. 
Hence in all three groups the various values of 1/R7” for the epigastrium and He 
the interscapular region reliably indicate the relative intensities of the sensa- | 
tions felt at the two sites. That is to say, both quickness of reaction and Zs 
strength of sensation are greater at the more sensitive of two sites; and both len 
are equal at two sites of equal sensitivity. te 
These general conclusions are supported by the results of the “B’ series of the 
experiments, for the palm and the back of the hand. ws 
Quickness of reaction and magnitude of sensation 19) 


In the introduction (p. 345) the subjective findings of earlier experiments were 
summarized thus: ‘Any factor that increases the rapidity of increase and the tiv 
final magnitude of a sensation of warmth, also reduces the latency; and vice rac 

versa.’ This conclusion can now be restated as follows: ‘Any factor that in- ap! 
creases the rapidity of increase and the final magnitude of a sensation of ous 
warmth, also increases the quickness of reaction (1/R7’). The factor may be a in 
change in the intensity or extent of the stimulus, or a change of the site de 
stimulated.’ There has been, throughout the range of conditions used in these 
experiments, a positive correlation between strength of sensation and quick- 
ness of reaction: We may therefore use quickness of reaction (1/R7") as a 


quantitative indicator, but not measure, of strength of sensation. ie 
This means that in Figs. 4 and 5, and others, the curves represent, indirectly, | ees 
the relationship between strength of sensation and log stimulus. As the curves ra] 
are in every case rectilinear for most of their extent, they afford an illustration (a 
of the Weber-Fechner ‘law’ sti 
Sensation =C log stimulus. : 

It is interesting to note that the two curves of Fig. 6 are exactly parallel, “9 
although the seventeen men from whose readings the curves were constructed “3 


all stated that the two sites differed in sensitivity. Again, the curves obtained 
from the twenty-two men who reported that the back of the hand was more ~ 
sensitive than the palm, in their straight portions, have gradients differing by 24 
only 4-7%. Parallelism of the curves obtained from smaller groups of men is not th 
so definite, but the comparatively small numbers of readings may account for 
that difference. We may therefore say that the Weber fraction of the hypo- - 
thetical “average man’ of a group is a constant for that group, since it does not be 
depend upon the sensitivity of the particular site tested. 
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A comparison with the RT to light 

The RT to light incident upon the retina falls as the intensity of the stimulus 
is increased (Cattell, 1886; Froeberg, 1907), and falls as the extent of a visual ~ 
stimulus is increased (Froeberg, 1907). The RT to light also varies with the 
part of the retina stimulated. It is shortest when the fovea is stimulated and 
lengthens progressively as the stimulus is applied further out towards the 
periphery. The RT is shorter when the stimulus is applied to the upper half of 
the retina, than to the lower half; and shorter when the stimulus is applied to 
the nasal half, than to the temporal half. Thus quickness of reaction and acuity 
of vision show parallel variations (Hall & v. Kries, 1879; Poffenberger, 
1912). 

The variations of the RT to light incident upon the retina are thus qualita- 
tively the same as the variations of the RT to light (plus a little infra-red 
radiation) incident upon the skin. This parallel recalls Sherrington’s (1906) 
aphorism that ‘the retina is. . .a group of glorified ‘‘ warm-spots”’. . .’; and also 
suggests that differences in sensitivity from site to site may be due very largely, 
in the skin as in the retina, to differences in density of specific receptors. A 
detailed comparison of the two neural mechanisms may well reveal other points 
of similarity. 

SUMMARY 

1. The sensations of warmth evoked from the skin by visible and infra-red 
radiation have been studied in a large number of untrained subjects. 

2. A sensation of warmth evoked by radiation is of gradual onset. Both the 
rapidity of its growth and the final magnitude of the sensation depend on 
(a) the site stimulated, (6) the intensity of the stimulus and (c) the extent of the 
stimulus, there being a spatial summation of sensation. 

3. The latency of these sensations varies from about } sec. for a very intense 
sensation to about 20 sec. at threshold. The latency has been measured in 
seventy-eight subjects as the simple reaction time (R7). 

_ 4, The RT is considered to have a fixed component, the same whatever the 
stimulus, and a variable component RT’. The fixed component, which is the 

sum of the conduction times through the nervous system plus the latency of 

the motor apparatus, has been estimated at 60-70 msec. for the sites tested. 

5. Since RZ” is a measure of the duration of several processes of variable 
rate, its reciprocal (1/R7") is a measure of the speed of those processes. It has 
been termed the ‘quickness of reaction’. 

6. The variations of the ‘quickness of reaction’ (1/R7’) closely parallel the 
variations of intensity of sensation. The function 1/RT7” is therefore considered 
to be a useful numerical indicator, but not a measure, of sensation. 

7. Graphs in which 1/RT’ is plotted against log intensity or log area of 
stimulus afford (a) illustrations of the Weber-Fechner ‘law’; (6) proof of the 
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occurrence of spatial summation; and (c) a method of finding threshold in- 
tensity or threshold area by extrapolation. 

8. In twenty-two men out of thirty-nine the back of the hand was more 
sensitive than the palm; and in seventeen out of twenty-seven others the 
epigastrium was more sensitive than the interscapular region. 

9. The variations of the RT to light (plus a little infra-red radiation) incident 
upon the skin are qualitatively the same as the variations of the RT to light 
incident upon the retina. 


My thanks are due especially to Prof. H. A. Harris and to Dr B. H. C. Matthews for much help 
and encouragement; to Dr H. E. Daniels for advice on statistical problems; and to Mr K. Thurley 
for the construction of apparatus. ‘Among the observers, I owe much to five overworked pioneers: 
P.K.W. and Mesars G. M. Cochrane, J. N. T. Evans, A. W. Warltier and J. O. Winter. 
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ELECTROCARDIOGRAPHIC FEATURES OF 
‘ADRENALINE SYNCOPE’ 


By F. N. FASTIER 
From the Department of Medicine, University of Otago, New Zealand 
(Received 27 April 1950) 


In the presence of certain drugs, notably chloroform and cyclopropane, doses 
of adrenaline which would not otherwise have an ddverse effect on the heart 
may produce ventricular fibrillation (‘adrenaline syncope’). The phenomenon 
is not well understood, despite a great deal of work, much of which has been 
reviewed by Meek (1941). Electrocardiograms usually show so many ab- 
normalities occurring after the injection of adrenaline, but before the onset of 
ventricular fibrillation, that they give little information about the course of 
events. A few records have been obtained, however, which have appeared 
sufficiently simple to invite analysis. 

Fastier & Smirk (1948) produced idio-ventricular rhythms in dogs and cats 
by injecting adrenaline after the animals had received substantial doses of the 
iminoazole derivative ‘amarin’. In the majority of their experiments, examina- 
tion of the last few electrocardiographic cycles obtained before the appearance 
of ventricular flutter or ventricular fibrillation showed that at least some of the 
T waves had been interrupted before completion by the R waves of succeeding 
complexes. Occasionally, as the heart beat accelerated in response to the 
injection of adrenaline, the PQRS deflexions were seen increasingly higher up 
the descent of the antecedent 7 wave until, when an interruption occurred near 
the crest of the 7 wave, a ventricular rhythm suddenly appeared. 

This phenomenon is not peculiar to experiments with amarin. Moreover, as 
will also be seen from results described below, it is possible to obtain electro- 
cardiograms in which the only striking irregularity seen before the appearance 
of an idio-ventricular rhythm is the interruption by R waves of the 7’ waves of 
the preceding, abnormally lengthened ventricular complexes. 

Now Wiggers (1940) and others have shown that, towards the end of the 
period of inscription of the 7' wave, there is a brief phase of the cardiac cycle 
during which a single stimulus can evoke the series of rapid ectopic beats which 
are commonly taken to mark the first stage in the evolution of ventricular 
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fibrillation. If a short-acting electrical shock be applied at any other part of the 
cardiac cycle, it will produce at most an extra-systole. 

The finding that ventricular fibrillation is likely to develop at a time when 
R waves are found superimposed on 7 waves may well find an explanation in 
the existence of a ‘vulnerable period’ during late systole or early diastole. The 
last two sets of the experiments to be described were carried out in the hope 
that this notion could be given a more precise form. 


METHODS 

Adrenaline syncope was obtained in the main series of experiments as follows. Dogs were anaes- 
thetized with sodium barbitone (0-3-0-5 g./kg.). The left carotid artery was cannulated for recording 
the blood pressure. Cannulae were inserted also into the trachea and a femoral vein. Electrocardio- 
grams were recorded with a Cossor-Robertson instrument. Subcutaneous needle electrodes were 
employed, usually in the lead 2 position. After several small doses of adrenaline (2-5 yg./kg.) had 
been given, either benzene or furfurin was administered in increasing amount until a further test 
dose of adrenaline, when it was injected into the femoral cannula and washed into the circulation 
as rapidly as possible with 5-8 ml. of saline, brought on ventricular fibrillation. 

The benzene was of ‘AnalaR’ grade. It was given by inhalation, being drawn up from a wash- 
bottle connected to the tracheal cannula by a short length of rubber tubing. Air was admitted into 
the circuit through a glass tube dipping below the surface of the benzene; it was expelled through 
a Bunsen valve. Furfurin (m.p. 117° C.), which was prepared from furfural and ammonia by the 
method of Bertagnini (1853), was given by intravenous injection in a small quantity of alcohol or 
acetone. Most of the other iminoazole derivatives tested had also been synthesized specially for 
the purpose; so was N,N-dibenzyl-8-chloroethylamine hydrochloride (m.p. 191° C.), which was 
administered as a 10% alcoholic, slightly acid solution. 

An electrical stimulator, by means of which the cardio-accelerator effect of a dose of adrenaline 
could be reproduced approximately, was constructed by Mr C. 8. W. Reid. Its condensers dis- 
charged through and were controlled by a gas tube—the Thyratron (type 884). The rate of discharge 
was adjusted by feeding the high-tension voltage through a variable resistance. The main feature 
of the circuit was that part of this resistance was contributed by a rheostat which, when rotated 
slowly, lowered the total resistance and hence accelerated the rate of discharge. Both the initial 
rate and the degree of acceleration could be varied within wide limits without affecting the strength 
of the stimulus. This could be altered independently. 

When this stimulator was to be used, the animal’s chest was opened medially, the pericardium 
was stripped off the heart, and platinum electrodes were placed on the left atrium. The cardio- 
accelerator effects produced by various doses of adrenaline were then noted so that they could be 
matched as far as possible through the use of the instrument. While the heart was being stimulated 
it was watched carefully to see if the ventricles were following the auricular beat. Electrocardio- 
grams were taken for confirmation. 


RESULTS 

This investigation began with the testing of some twenty iminoazole derivatives 
for properties like those of amarin (2:4:5-triphenyl dihydro-iminoazole). It so 
came to be noted that furfurin, which has three furfuryl groups in place of the 
three phenyl groups of amarin, can be used like it for the production of adren- 
aline syncope in deeply anaesthetized dogs. Amongst the compounds showing 
little or no activity may be mentioned such close chemical relatives of amarin 
as D- and L-isoamarin, N-hydroxymethyl- and N-nitroso-amarin, and lophin 
(2:4:5-triphenyl iminoazole). 


bo 


4 


ct cr 


| 
| | 
Ww 
a 
| 
p 
T 
Ww 


ADRENALINE SYNCOPE 361 


Production of adrenaline syncope. Furfurin was tested on ten dogs, five of 
which were vagotomized. Ventricular fibrillation was.obtained in eight of the 
animals after treatment with furfurin (10-20 mg./kg.) and adrenaline. The 
doses of adrenaline which brought about ventricular fibrillation were 1, 2, 2-5, 
2-5, 3-5, 4, 5 and 9 wg./kg. Five further dogs were anaesthetized with urethane 
in place of sodium barbitone. Ventricular fibrillation was obtained in four of 
them when adrenaline was given after a substantial dose of furfurin. 

When it was found that the phenomenon of R waves interrupting 7 waves 
was obtained as often with furfurin as with amarin, parallel experiments were 
then carried out with benzene. The work of Wégria & Nickerson (1943) 
indicated that benzene could produce adrenaline syncope under similar experi- 
mental conditions, and it was tested on eight vagotomized dogs. Ventricular 
fibrillation was obtained in six of them when adrenaline was given subsequently. 
The doses of adrenaline producing ventricular fibrillation were 1-5, 2-5, 3, 4, 
6 and 14 yg./kg. 


Fig. 1. Electrocardiograms (lead 2), b continuous with a. Dog, 12 kg., 3, 3-6 g. sodium barbitone. 
After two 50 mg. doses of furfurin, a 50 yg. dose of adrenaline was injected. As the heart 
accelerates the R wave approaches and then definitely interrupts the 7’ wave of the preceding 
complex. Note the changing form of the 7 wave and the development of electrical alternation. 


- Changes observed before adrenaline syncope. Doses of furfurin or benzene which 
were sufficient to make the heart prone to ventricular fibrillation with adren- 
aline lowered the blood pressure slightly. Slowing of the heart rate was observed 
more especially with furfurin. The most usual electrocardiographic change was 
prolongation of the QRST complex. Such abnormalities as enlargement of the 
T wave, heart block, occurrence of extra-systoles and electrical alternation 
were seen occasionally but by no means regularly; there were experiments in 
which no change could be detected in the electrocardiogram. 

Even in the latter experiments, however, the injection of adrenaline soon 
produced an abnormal electrocardiogram, As the heart rate began to quicken, 
the ventricular complex became increasingly distorted (Fig. 1)—far more so 
than after control injections of adrenaline. The gap between the 7’ wave and 
the succeeding PQRS deflexions decreased steadily until, in most experiments, 
the 7 wave was being interrupted before its completion. Very large 7 waves 


362 F. N. FASTIER 


contributed to the bizarre appearance of many of the records, Electrical 
alternation was seen occasionally (Fig. 15) and scattered ectopic beats quite 
frequently (Figs. 2a, 3a). 


Fig. 2. Lead 2 electrocardiograms showing the production of idio-ventricular rhythms by small 
doses of adrenaline in anaesthetized dogs treated (a, b) with benzene, (c) with amarin. The dog 
which was given amarin had previously received N,N-dibenzyl-f-chloroethylamine hydro- 
chloride (15 mg./kg.). Note the suddenness of the change from a sinus beat to ventricular 
flutter in this record (c). 


Fig. 3. Lead 2 electrocardiograms. (a) Dog, 20-5 kg., 7-2 g. sodium barbitone, vagi intact. Effect | 
of a 50 yg. dose of adrenaline given after a 150 mg. dose of furfurin. (6) Same dog. Another 
50 yg. dose of adrenaline given after the injection of more furfurin (100 mg.) now causes | 
ventricular fibrillation. A feature of the first part of these two strips is the rapid decrease in 
the PR interval. The ventricular beat seems to have become faster than and independent of 
the sinus beat. (c) Another dog similarly treated. In this case ventricular flutter ensued for | 
several seconds before the appearance of ventricular fibrillation (not shown on the strip). 


As a rule, ventricular fibrillation developed rapidly. Effective heart beats | 


were succeeded within a few seconds by such wildly irregular muscle movements | 
as those producing the electrocardiogram shown towards the end of Fig. 3). 
Doses of furfurin and adrenaline or of benzene and adrenaline slightly smaller 
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than those which caused ventricular fibrillation later in the experiment often 
brought on a ventricular tachycardia of short duration. 

Ventricular flutter, recognized by its undulatory electrocardiogram (Figs. 2c, 
8c), was seldom observed—at least for appreciable periods. This is in contrast 
to results obtained with amarin (Fastier & Smirk, 1948). When adrenaline 
syncope was obtained through the use of the latter agent, ventricular flutter 
was usually observed for at least several seconds; it seemed to be a well- 
defined intermediate state in the development of ventricular fibrillation. 

In at least twelve of the eighteen experiments in which adrenaline syncope 
was obtained through the use of either benzene or furfurin, the phenomenon of 
R waves interrupting 7 waves occurred before its onset. It could not be 
established that the phenomenon occurred invariably; as in the experiments 
with amarin, it was sometimes impossible to identify the various complexes at 
this crucial period. The presence of R waves on 7' waves was noticed almost as 
frequently before a paroxysm of ventricular tachycardia as before ventricular 
fibrillation. 

Role of cardio-acceleration 

An R wave superimposed upon a 7' wave almost certainly means that a new 
wave of excitation has arisen in the ventricles while the previous contraction 
is still subsiding. This new wave must be invading muscle which has barely 
recovered from the refractory state. Consequently, if recovery be at all uneven, 
a very premature excitatory wave may reach tissue which, according to Moe, 
Harris & Wiggers (1941), is in such a state that it will respond to a brief 
electrical shock of adequate strength by discharging repetitively, with the 
result that ventricular fibrillation may become established. 

These considerations suggested that adrenaline syncope might occur when 
the heart’s capacity to respond to a fast rate is so impaired (by treatment with 
agents like benzene and amarin) that the cardio-acceleration produced by in- 
jecting adrenaline results in the stimulus of a new beat coming during the 
‘vulnerable period’ of the preceding cardiac cycle. The following experiments 
were therefore performed : 

(i) Cardio-acceleration was produced in animals which had been treated 
with amarin or benzene by means of the electrical stimulator described 
above. 

It was first tested on six cats. Before any amarin was given, the cardio- 
accelerator effects of even substantial doses of adrenaline (10-20 yg./kg.) 
could be matched easily. After treatment with amarin, however, conduction 
was depressed. As the dosage of amarin was increased, the ventricles responded 
with increasing difficulty to the accelerating auricular beat. By the time 5- 
10 mg./kg. had been given the ventricular beat could be accelerated only slightly 
—e.g. from 120 to 130 beats/min. instead of from 120 to 210 beats/min. 
Ventricular fibrillation was not obtained in any of these animals. In one cat 
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ventricular flutter was precipitated on three successive occasions and another 
had attacks of ventricular tachycardia, but these arrhythmias did not 

Other experiments with the stimulator were performed on anaesthetized 
dogs which had been treated with benzene. Heart block proved less troublesome 
under these conditions. Up to twenty trials were made with each of six dogs, 
the amount of benzene inhaled, the strength of the stimulus, the rate of ac- 
celeration and its extent all being varied. Ventricular flutter or ventricular 
fibrillation never occurred. The ventricles showed little tendency to originate 
beats even at a stage of considerable heart block. Idio-ventricular rhythms 
were readily produced in most of the animals when small doses of adrenaline 
were injected later in the experiment. 

(ii) Attempts were made to produce adrenaline syncope in dogs which had 
received substantial doses of both amarin and N,N-dibenzyl-8-chloroethy]- 
amine. It was known that the latter drug readily annuls the vasoconstrictor 
action of adrenaline without affecting the cardio-accelerator action (Nickerson 
& Goodman, 1947) and, moreover, that it prevents cyclopropane-adrenaline 
syncope (Nickerson, Smith & Goodman, 1946). It therefore appeared of interest 
to discover if N,N-dibenzyl-8-chloroethylamine can prevent amarin-adrenaline 
syncope too, without affecting the cardio-accelerator action of adrenaline. 

It did not prove possible to produce strong cardio-acceleration in dogs which 
were reliably protected against amarin-adrenaline syncope. Two dogs which 
had been given 15 mg./kg. of N,N-dibenzyl-8-chloroethylamine intravenously 
2 hr. earlier developed ventricular fibrillation when a small dose of adrenaline 
(3 ug./kg.) was injected after a substantial dose of amarin (5 mg./kg.). A larger 


dose, 25 mg./kg., afforded better protection. Although one dog succumbed to > 


a dose of 2 wg./kg. of adrenaline after amarin had been given, three others 
survived doses of up to 10 ug./kg. of adrenaline. With two of the refractory 
animals, however, the heart rate was slow by the time amarin was given and 
even large doses of adrenaline did not produce much cardio-acceleration. 
Corresponding electrocardiograms did not show R waves interrupting 7 waves, 
whereas this was observed in those experiments with N,N-dibenzyl-p- 
chloroethylamine in which amarin-adrenaline syncope was obtained (Fig. 2c). 


DISCUSSION 
Garb & Chenoweth (1948) have shown that the sensitivity of an isolated 
papillary muscle preparation to electrical stimuli is decreased to a much 
greater extent by benzene or chloroform than by ether, alcohol or acetone. The 
difference was thought significant, since benzene and chloroform have both 
been used frequently for the production of adrenaline syncope, whereas the 
other three compounds are inactive in this respect. The danger of giving 
adrenaline during the inhalation of benzene or chloroform was attributed to 
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‘stimulation and contraction of only the least depressed portions of the ven- 
tricle with subsequent re-entry in the manner described by Wiggers’ (1940). 

Nahum & Hoff (1939) have postulated similar conditions for the production 
of ventricular fibrillation by potassium salts. Here, too, the danger seems to 
lie in the possibility of there being foci of automatic activity at a time when 
the myocardium is so depressed that areas of refractory muscle exist through- 
out most of the cardiac cycle. 

In the present series of experiments, a depressant action on the heart was 
not always apparent after treatment with benzene or furfurin alone. Never- 
theless, such an action became manifest when cardio-acceleration was produced 
by means of the electrical stimulator, while either benzene or amarin was being 
given in increasing amount ; the ventricles were found to respond with increasing 
difficulty to the accelerating auricular beat. A depressant action became 
manifest also when adrenaline was given after treatment with one of these 
substances. It was noticed in this case that the faster beat would not cause 
any appreciable shortening of systole, with the result that the R wave of the 
electrocardiogram encroached upon the 7 wave of the antecedent complex. 
If an idio-ventricular rhythm supervened, it usually came at a time when the 
T wave was being obviously interrupted before its completion. 

It therefore seemed possible that the cardio-accelerator action of adrenaline 
might be responsible for the production of adrenaline syncope after amarin, 
benzene or some such drug through enabling the stimulus of a new beat to 
reach tissue which is still in the abnormal state known to occur during the 
“vulnerable period’ of late systole or early diastole. The experiments with the 


_ electrical stimulator and with N,N-dibenzyl-f-chloroethylamine were per- 


formed to check this hypothesis. They give no support to the idea that 
adrenaline syncope results from a normal impulse arriving at the vulnerable 
period of the preceding cardiac cycle. 

It must be remembered, however, that in the experiments with the electrical 
stimulator only the region of the left atrium near the stimulating electrodes 
would be affected directly, whereas the response to a dose of adrenaline would 
involve all the automatic centres of the heart. It was found that when the 
auricles were made to beat faster by means of the stimulator, the ventricles 
seldom initiated beats even at a stage of considerable heart block. When 
adrenaline was given and the ventricles were responding—with increasing 
difficulty, it may be presumed—to the accelerating auricular beat, ectopic 
beats frequently arose at about the time that a normal one would be expected 
to occur (Figs. 2, 3). Possibly such an ectopic beat, if sufficiently premature 
with respect to the preceding cardiac cycle, can produce the same train of 
events as an artificial electrical stimulus applied during the vulnerable 
period. 
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SUMMARY 


1, When ventricular fibrillation was produced in anaesthetized dogs by 
injecting a small dose of adrenaline after treatment with either benzene or 
furfurin, a peculiar electrocardiographic phenomenon was observed in most 
animals just before the ‘adrenaline syncope’, viz. interruption of 7’ waves by 
R waves. 

2. Driving the auricles at an accelerating rate by means of a suitably de- 
signed electrical stimulator was, much less effective than the injection of a 
small dose of adrenaline in producing idio-ventricular rhythms in cats treated 
with amarin or dogs treated with benzene (ventricular flutter being obtained 
in only one of twelve experiments). 

3. It is suggested that ventricular fibrillation is likely to ensue when R 
waves are found superimposed upon 7 waves because systole takes up so 
much of the cardiac cycle that an ectopic beat is likely to arrive during the 
‘vulnerable period’ of the preceding cardiac cycle. 


The expenses of this research were defrayed in part by a grant from the New Zealand Medical 
Research Council. I am also grateful to Prof. F. H. Smirk and to Dr G. 8. Dawes for helpful 
criticism and advice, and to C. 8. W. Reid and K. T. Fowler for the construction of electrical 


apparatus. 
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OF THE LIVING RABBIT’S CORNEA 


By D. M. MAURICE 


From the Ophthalmological Research Unit, Medical Research Council, 
Institute of Ophthalmology, Judd Street, W.C. 1 


(Received 1 May 1950) 


Interest in the permeability of the cornea centres around the transfer of drugs 
through it, and the swelling and loss of transparency that occurs in the stroma 
after death, or when the limiting membranes are damaged. Previous in- 
vestigations have been reviewed by Cogan & Kinsey (1942a) and Grénvall 
(1937); very little of a quantitative nature has been attempted, and many of 


_ the qualitative conclusions are mutally contradictory. As far as osmotically 


important ions are concerned, Fischer (1928) concluded that the cornea is 
unidirectionally permeable to sodium chloride in the direction out-in; Cogan & 
Kinsey (1942), however, in excised intact corneas, could detect no movement 
of sodium chloride in either direction. Cogan & Kinsey (19426) advanced an 
explanation of the normal unswollen state of the cornea based on constant 
removal of water by osmotic attraction into the tear. and aqueous humour. 
This theory has been criticized recently by Davson (1949a, 6), who considered 


it necessary to postulate an active process to account for the absence of the 


swelling that should result from the free intercourse of all ions between the 
blood plasma and corneal interstitial fluid at the corneo-scleral boundary. This 
could permit the establishment of a Donnan equilibrium similar to that in the 
erythrocyte, and so the limiting membranes would accordingly exhibit im- 
permeability to one of the osmotically important ions Nat or Cl’. The availa- 
bility of radioactive isotopes has made possible the investigation of this problem 
under nearly normal conditions, and the work described here is directed towards 
defining the exchanges of the labelled ion Na™ between the cornea and the 
surrounding media. Rather than remove the limiting layers in order to investi- 
gate their individual contributions to the total resistance to transfer, as has 
been the normal method hitherto, it was thought preferable to derive this from 
an analysis of the variation with time of the concentration of the ion in the 
media on either side of these layers. 
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The experiments described here fall into three series. In the first the solution 
of Na™ was allowed to remain in contact with the corneal epithelium for various 
definite periods of time, at the end of which the cornea and aqueous humour 
were removed and their activities measured. In theory it is possible from these 
results to derive most of the permeability relationships between the cornea and 
its external media, but a more certain and simple analysis could be achieved if 
in addition the ion was injected into the blood and the concentration in the 
plasma, aqueous humour and cornea measured after various periods of time; 
this accordingly formed the second series of experiments. In the third series of 
experiments the radioactive salt was introduced directly into the anterior 
chamber and the activity changes with time in the cornea and aqueous humour 
followed. In what follows these experiments will be referred to as the E, B and A 
series respectively, the initial letters of the site of introduction of the Na™ in 
each case. | 

METHODS 
Rabbits anaesthetized with nembutal were used throughout. Animals of medium size (5 lb.) were 
used when possible, but variations in the dimensions of the eyes were considerable, as reflected 
by those in the volume of the aqueous humour, for which the extremes were in the ratio of 2:1. 

Series E. Bathing of the epithelial surface. Threads were stitched to the outer layers of the skin 
and knotted, at the inner and outer canthus, and on the upper and lower lids, centrally, and some 
0-5 om. from the margin. The rabbit was placed on ite side and these threads attached to the 
edges of a frame 10 cm. square, held about 15 cm. above the eye. In this way the conjunctiva and 
nictitating membrane were lifted away from the cornea over its entire surface, and the conjunctival 
sac was drawn up to form a reservoir capable of holding 1-2 ml. of fluid. The test solution was 
warmed to body temperature and instilled into this reservoir. The level was maintained from time 
to time as necessary; only in one case was there any troublesome loss through the lacrimal duct. 
The fluid was renewed at about 20 min. intervals, the change in Na“ concentration having been 
found to be negligible over this period. After a determined interval, most of the fluid was removed 
in a syringe, the threads cut, and the eye luxated by an assistant gripping the superior rectus 
muscle with a pair of forceps. The corneal surface was then flushed with 10 ml. saline from a syringe 
_ and dried with the end of a rolled filter-paper. A needle on a syringe was pushed into the anterior 
chamber at the limbus, the aqueous humour mixed by aspirating a little and forcing it rapidly back, 
and the chamber evacuated as completely and quickly as possible. 

Immediately after the final withdrawal of aqueous humour, the sharpened point of a blade of a 
small pair of scissors was introduced into the hole left by the needle and the cornea was cut round its 
outer margin. The excised cornea was then freed from any adhering iris and dried with filter-paper. 
Attached sclera was then trimmed off, and the cornea weighed and dissolved in a known volume 
of nitric acid. In some cases the cornea was divided into a central and outer part with a cork borer 
and the two parts analysed separately. The entire preparation of the cornea from its initial washing 
till ite final drying rarely took more than a minute, and in the experiments of shortest duration 
was reduced to 30 sec. at the price of incomplete excision of the cornea. The aqueous samples were 
also weighed, and diluted with saline by weight to a sufficient volume to fill the counter (0-5 ml.), 
or if the activity was very high, to a greater convenient volume. 

To determine the fraction of the Na™ which reached the aqueous humour through the general 
circulation, the aqueous was collected immediately from the other eye. This fraésion was found to 
be of significance only in the experiments of shortest duration, and this control was discontinued 
in other cases in order to economize in experimental material. When experiments were done upon 


either eye in turn, however, the experimental period for the second eye was made at least twice as 
long as the first. ; 3 
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fluid in the conjunctival reservoir, which was stirred continuously by operating the plunger. 
When it became evident that the epithelial permeability was so low that the passage of ions through 
it caused a negligible drop in concentration in the contiguous layers of bathing solution, this 

was neglected. As a result both the magnitude and variability of the permeability 
fell, It was thought the remaining variability could be reduced by using a blander solution, 
90 finally, a 50:50 mixture of radioactive saline and defibrinated whole blood obtained by heart 

from the same animal was used, with the further object of satisfying any metabolic 
needs of the epithelium, The aqueous fluid used previously was generally a mixture of isotonic 
Na“HCO, and inert saline in the ratio 1:5 brought to pH 7-8 by addition of solid CO,; in 
a few cases 1:10 v/v phosphate-citrate buffer pH 7-0 was added, and in some others, NaCl 
was used in isotonic solution, without making any noticeable difference to the results. 

Series B. Injection into the blood. The animal was prepared as in the previous series of experiments, 
but inert saline introduced into the conjunctival reservoir. A few ml. of the Na™ solution were then 
injected intravenously and blood samples were collected from a cannula in the femoral artery at 
definite times. At the end of the experimental period for one eye, the aqueous and cornea were 
collected and arranged as described in series E, and the animal turned on its other side and the 
experiment continued for a further period of time with the eyelids of the second eye forming 
a reservoir. 

To obtain equilibrium values the experiment was continued for many hours in some cases, and 
it was convenient to modify the procedure a little. The injection was given intraperitoneally, the _ 
blood samples were taken from the marginal ear vein, and in general, the eyelids were allowed to 
remain closed. 

Series A. Injection into the anterior chamber. 0-03-0-1 ml. of the radioactive solution in the form 
of isotonic saline or saline-sodium bicarbonate in the ratio 1:5 at physiological pH, was initially 
held in a tuberculin syringe with a short fine needle (20-gauge). An assistant fixed the eye-ball and 
the point of the needle was pushed through the sclera some 3 mm. from the corneo-scleral junction. 
It was then pushed carefully upwards and forwards along the posterior surface of the iris until it 
could be seen in the centre of the pupil. The fluid in the syringe was then mixed with the aqueous 
humour by sucking into it some 0-1 ml. of the latter, and then expelling an equal volume, this 
action being repeated some 20 times during the course of 4-1 min. In the later experiments, it was 
found convenient to have a collar round the plunger of the syringe, ensuring a minimum capacity 
equal to that of the introduced radioactive fluid. The contents of the anterior chamber were gently 
stirred by this means throughout the experiment if it were of less than 5 min. duration, the fluid 
remaining in the syringe being kept for analysis at the conclusion. In longer experiments the 
syringe was withdrawn after the initial mixing was completed, and paracentesis performed at the 
end of the experimental time. After the aqueous had been removed, the cornea was excised, dried, 
weighed and analysed in the usual manner. 

The absence of endothelial damage was checked by examination with a slit-lamp microscope 
during the course of a few of the experiments. 


Dimensions of the cornea 

To derive the absolute values of the permeability constants, certain average physical dimensions 
of the cornea and aqueous humour were required. These were in general obtained during the course 
of the main body of experiments. 

(1) Weight of aqueous humour. The fluids were weighed by difference in a tared syringe, after as 
complete an aspiration through a 15-gauge needle as was practicable. Only the larger values from 
pairs of eyes in which the weight of the two fluids agreed within 15 % were accepted. The mean of 
sixteen such values was 0-253 g.+0-015, though a systematic error larger than the standard 
etror of the mean must 
technique. 
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(2) Weight of cornea. Paired corneas agreeing in weight within 10 % were selected. The larger 
values from twenty-two such pairs yielded a mean of 0-071 g. + 0-003. 

(3) Superficial area of cornea. The length of the arc of the meridional section of the cornea was 
measured with a length of cotton in a few eyes and compared with the length of the chord measured 
with callipers. This gave the angle subtended by the arc to be 134°; it is to be noted this figure is not 
very critical. In nine eyes, the area was calculated from this angular measurement and the length 
of the are, giving a mean of 2-13 cm.* + 0-06. 

(4) Thickness of the stroma. The mean thickness in six corneas calculated from their area weight 
and density (1-05), was 0-033 om. +0-0014, which accords well with the mean of the values found on 
measuring the central thickness with a micrometer screw-gauge, 0-031 cm. Measurements on 
sections give the total thickness of the outer layers as about 50 ., and so, calculated by difference, 
the stroma has a thickness of 0-028 cm. 

All the Na™ estimations were made with the counter previously described (Maurice, 1948). 
Sufficient counts were taken normally to give 2-3 % probable error except for the weakest aqueous 
solutions in series E when it rose to 5-10 %, and the usual corrections for radioactive decay and 
coun -time were applied. A probable error of 1 % or better was aimed at in the 
measurements for the aqueous-plasma equilibrium ratio; this was achieved by repeated alternate 
counting of the two solutions, which had a high activity adjusted in the dilution to be roughly 
equal for both. The plasma was diluted with saline by weight, a correction being applied for the 
difference in specific gravity of the liquids. 

| RESULTS 
Theoretical 
It is convenient at this stage to formulate in a simple manner some of the 
diffusion relationships between the relevant tissues and fluids in the eye, so as 
to establish a notation and to make evident some of the assumptions that have 
to be justified and numerical constants to be evaluated. 

It is assumed that Na ions in the aqueous humour are only capable of 
exchanging either with those in the general vascular circulation, or those in the 
cornea across the endothelium, and the cornea can exchange its ions only with 
the aqueous humour across its endothelium, with the fluid in the conjunctival 
sac across the epithelium, and with the plasma at the corneo-scleral boundary. 
These assumptions imply that the only route of entry to the aqueous humour 
for Na™ ions in the conjunctival sac is through the general circulation or across 
the epithelium and endothelium, i.e. there is no local vascular pathway from 
the conjunctival sac to the aqueous humour. This proposition, though sup- 
ported by Leber (1903) on anatomical grounds as far as readily diffusible 
substances are concerned, has been challenged implicitly through their experi- 
mental methods by most later workers, although no evidence has been brought 
forward to oppose it. | | 

Now let m=total mass of Na ions in any tissue or fluid; m’ =total mass of 
Na* ions in any tissue or fluid; v= volume of tissue or fluid in which Na ions 
may diffuse freely; c=concentration m/v; M=total mass of tissue or fluid; 
a=activity of Na™ ions per unit weight of tissue or fluid =m’/M; A=super- 
ficial area of cornea; and the subscripts p, a, c and ¢ refer to the blood plasma, 
the aqueous humour, the cornea and the external solution. 
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We may postulate that exchanges across the endothelial barrier can be 
represented by the formula: 


= A(K,.C, —K,,C,), -- (1) 
where K,, and K,, are permeability constants for the endothelium in the 
direction aqueous to stroma, and stroma to aqueous respectively, a convention 
which (mutatis mutandis) is followed throughout. If further we make the 

assumption that the out-of-balance exchanges across the epithelium and the 
limbus are negligible compared with the total re across the endothelium, 
80 we have 


dm 
then dt AK, ( ay (2) 
=limit % 
as M. 1 very nearly. 
For the epithelium there is a similar equation 
An Ke ©) 
where 
For the blood-aqueous barrier the equivalent equation is 
d , 
M Aap), (4) 
where k,,, is the commonly used permeability, or transfer, coefficient from 
aqueous humour to blood. 


The activities of the fluids are related with the masses of radioactive ions — 
entering them by a second series of equations: 


da 


and so on. 
Experiments of serves B 
After a single intravenous injection of Na™ the time course of the activity in 
the plasma was very similar in all the rabbits studied, and so the relative values 
for the activity of the aqueous humour and cornea in different animals could 
PH. OXI. | 24 
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be directly compared. The average values of the plasma activity that were 
adopted as standard, in terms of that at 30 min. are shown in Table 1. 


Time fe 
(min.) a, 
0 
7 
2 1-9 
5-2 
5 1-50 
70 
10 1-25 
11-8 
20 1-07 
10-5 
30 1-00 
9-9 
40 0-97 
19-0 
60 0-94 
27-6 
90 0-90 
26-7 
120 0-86 


After about 4 hr. the plasma activity remains virtually constant for a period 
of an hour or two at a time. In a few cases, however, a blood sample taken an 
hour previously to that taken at the time of paracentesis showed a small rise 
or fall had occurred. 

The value of k,,,, the transfer coefficient between aqueous humour and 
plasma, is important in the interpretation of the results obtained from these 
experiments and those in series E, and was obtained from the numerical 
integration of equation (4) in the form: | 


Aa, ap @,)dt. (7) 


In Fig. 1 the points represent values of a,/a, found experimentally at various 
times; the value of a, being calculated on the basis of a plasma water volume 
of 93 %. | 

The value of this ratio when the steady-state has been achieved, r’,,,, must 
be known in order to carry out the integration, and the points corresponding to 
the longer times in Fig. 1 show the measurements that were made to determine 
its value. When the blood activity was found to have changed in the hour before 
the collection of the aqueous, a correction to the ratio was made according to 
the formula of Palm (1947); this only once exceeded 3 %. It is evident that the 
value of the ratio continues to increase long after equilibrium would have been 
expected to have been established on the basis of equation (4). This is very 
probably a result of the influence of structures, particularly the vitreous 
humour, which were ignored in the theoretical treatment. Whatever the 
explanation of this rise, it is evident that the value chosen for the numerical 
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integration is the steady-state value obtained by extrapolating the curve 
formed by the points back to the initial 2 hr. period. This suggests the proper 
value of r’,,, to be used is about 0-80, and accordingly the lines shown in the left 
half of the figure were constructed, corresponding to values of k,,, of 0-015 and 
0-025 min.-'. Most of the experimental points are seen to lie between these 
lines, and these were accepted as the limiting values of k,,,, under the particular 
experimental conditions. : 


03 
02 
‘ 


Smin. 10 10 20 hr. 
t 


Fig. 1. Variation of the ratio of activity in the aqueous humour to that in the plasma with time, 
after intravenous injection of Na™. Curves obtained by numerical integration of plasma 
activity according to equation (7). 


The exchange between the cornea and aqueous humour was treated in a way 
similar to that between aqueous humour and plasma, the numerical integration 
being carried out according to ees (2) in the form 


taking the variation in time of the aqueous humour activity to be that corre- 
sponding to an intermediate value of k,,,=0-0175 min.—. 

’ As will be explained in a later section, this equation is only applicable to 
a region of the cornea remote from its scleral boundary, and the appropfiate 
equation for the cornea as a whole will be considered at the same time. 

A knowledge of the value of r,, is evidently required, and measurements of 
this ratio were carried out conjointly with some of the determinations of r,,,, 
the results being shown on the right side of Fig. 2. Here again there is an 
indication, though not so certain as in the case of r,,, that the ratio is in- 
creasing with time, and it is possible that some of the Na in the cornea is not 
freely diffusible, and is associated perhaps with the cells which constitute some 
15 % of its volume. These results suggest that a value of r,, = 0-72 should hold 
over the first hour or two, and this accords well with the limiting value ap- 
proached during this early period by the central Portions of the cornea shown 
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figure. Using this value, and putting ~ if, ~ 0080 min -1 the values of a,/a, 


obtained by the integration of seeasien vs fell on the broken line in Fig. 2, 
which is seen to fit the experimental points adequately. 


oor 
é 
eee 
ae 
aa 
10min. 20 30 40 thr 2 3. 101215 20hr 


Fig. 2. Variation of the ratio of the activity in the cornea to that in the aqueous humour with time, 
after intravenous injection of Na™. Filled circles represent entire corneas, open circles central 
portions of cornea only. Curves derived by numerical integration as described in text. 


- Inserting the numerical values of the constants a value for the permeability 
constant of the endothelial barrier, K,.=0-072 cm.hr.— results. 


Expervments serves E | 

Fig. 3 shows the concentration of Na™ attained by the corneas in all the 

experiments of this series, the ratio rex 100 being plotted against the time 
ca™“e 

the active solution remained in contact with the epithelium, both for con- 
venience on logarithmic scales. The results with the stirred solutions are 
represented by triangles, those with unstirred aqueous solutions, filled circles, 
and unstirred 50 % blood solutions, open circles. It is evident that in general 
the activity of the cornea is considerably raised when the fluid in the conjunctival 
reservoir is continuously stirred, and also that the nature of the solution is not 
of great significance as long as it remains still, the range of variation with the 
50 % blood solution being perhaps smaller. 

The lines drawn on the figure are obtained from an electrical solution, 
described later, of the equations derived in the theoretical section, and were 


- \ chosen to include between them nearly all the points obtained with the blood- 


saline mixture and the majority of those with the unstirred saline. The values 
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of epithelial permeability included by these lines, a range of 3:1, can be 
ealoulated from their initial gradients, for in the first minutes a, < <a,< <a,, 
and hence equation (3) may be rewritten 

da, AK,, 


(9) 


10} 


1 5 10 ; 50 100 min 


Fig. 3. Ratio of activity of cornea to activity of external solution, as percentage of equilibrium 
activity, plotted against time solution containing Na™ remained in contact with Open 
circles, 50 % whole blood solution; filled circles, saline; nee saline. 


’ Inserting the numerical values of the constants we obtain the corresponding 
ange of values for the permeability constant of the epithelium 


K,-=0-00080—0-0024 em.hr.-1. 


* In Fig. 4, the results of the aqueous humour analyses in these experiments are 
‘plotted against the time from the instillation of the radioactive fluid into the 
conjunctival reservoir until the withdrawal of aqueous humour. The ordinate 
{is the ratio of the aqueous activity to that in the corresponding cornea, expressed 
as a percentage of the equilibrium ratio r,,. Allowance for entry via the general 
vascular system was made for those experimental times in which it was found 
to be greater than 5 %, by measuring the activity in the aqueous humour of 
the control eye and subtracting it from that of the experimental aqueous 
‘humour. Here filled circles represent values of the ratio appropriate to points 
above the upper line in Fig. 3, and open circles to those below this line. 
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As the corneal concentration is always low compared with that in the external 
solution, the rate of inflow of Na™ across the epithelium should be virtually 
independent of time, in any particular eye. Hence this aqueous humour/cornea 
activity ratio should be independent of its individual epithelial permeability, 
if the assumption made previously that the trans-corneal route is the only 
important way of entry into the aqueous humour be true. The fact that the 
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Fig. 4. Ratio of activity of aqueous humour to activity in cornea, as percentage of equilibrium 
activity, plutted against time solution containing Na™ remained in contact with cornea. Open 
circles low, filled circles high, epithelial permeabilities. Curves obtained from electrical 
analogue; full lines correspond to two curves in Fig. 1, broken line to shorting R, in analogue, 
i.e. ignoring diffusion time through cornea. 

filled and open circles, representing values for the permeability of the 

epithelium having an average ratio of 5:1 are on the whole concurrent, lends 

a great deal of support to this assumption, though there is a tendency of 

uncertain significance for the filled circles to lie below the open for the 

longer times. | 

A more direct method of showing that the trans-corneal route of entry is 
the only significant one has been attempted by many workers previously. This 
makes use of a mask of some material—vaseline, collodion or plasticine—to 
protect all but the corneal epithelium from contact with the test fluid. Apart 
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from the difficulties encountered in making an effective seal with the moist 


surface of the cornea, the results of such experiments are considered to be 
equivocal as a demonstration that no significant alternative route exists. As 
the corneal epithelium is damaged by flushing with a saline solution, contact 
with a foreign body is likely to damage it even more, and a long series of 
experiments would be necessary to confirm that the presence of the test 
substance in the aqueous humour under these conditions is not merely a reflexion 
of the resultant increased epithelial permeability. On this occasion an attempt 
was made to obtain further evidence as to the relative unimportance of the 
extra-corneal pathway, by carrying out some experiments with the corneal 
surface largely protected by means of a thin collodion cap lightly greased with 
vaseline. As this could be fixed firmly in position only by means of stitches 

through the conjunctiva, close to the corneo-scleral boundary, it is 
probable that the normal circulation in this region is disturbed and the con- 
clusions are open to objection on these grounds. These reservations made, 


however, the results confirm the hypothesis adopted above, for as Table 2 


shows, the activity of the centre of the cornea is reduced below the value it 
would normally attain, while the aqueous humour/cornea activity ratio main- 
tains its proper value. 


2 
100 | 
a, a, 
p x 100 
min. sec. Central Peripheral Normal range Protected Normal 
4 50 0-12 0-36 0-18-0-55 6-5 2-2 
9 4 0-073 0-46 0-31-0-92 6-5 5-3 
1 40 0-19 0-80 0-42-1-26 9-0 8-5 
18 0-05 1-4 0-44-1-32 — 
22 «50 0-23 0-46 0-50-1-50 14 15 
Exchanges at the corneo-scleral junction 


Those corneas in this series of experiments that were divided into two parts — 
showed a rather lower activity in the peripheral compared with the central 
portion. On the contrary, those corneas in series B which were divided showed 
a relatively higher activity in the peripheral portion, which rose so as to remain 
approximately in equilibrium with the aqueous humour, whilst the activity of 
the central portion lagged behind, as seen from Fig. 2. If the cause is postulated 
to be lower endothelial resistance at the periphery, a hypothesis which has 
some experimental support (Ridley, 1930), the permeability of this region 
would need to be similar to that of the centre to account for the results of the 
series E, but very large for those of series B. A lower central epithelial resistance 
could likewise not be consistent with these experimental findings. The possibility 
of exchange with the blood across the corneo-scleral boundary remains, and 
a simple mathematical treatment was attempted to see if such an exchange was 
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capable by itself of explaining the numerical data, and, if so, of estimating its 


magnitude. Here the subscripts ¢ and o refer to the inner and outer portions of 
the cornea, the other symbols retaining their previous significance. 

We shall assume interchanges between the plasma and the outer portion of 
the cornea across the limbus may be described by: 


the inner portion being unaffected by the plasma. 

This equation is certainly only a very rough approximation, but the 
variability of the experimenrttal results does not encourage a more exact 
formulation. 1K: 

_ AK 
Writing kaw and Kee 


we obtain for the inner portion 


+ from equations (2) and (3), (11) 


and for the outer 


+ + Ral from equations (2), (8), (10) and (12). 


For the experiments in series E it is nearly true that 


and a, <a, 
ac a, 

In this series twenty-three corneas were divided, of which nineteen had 
a median value of 0-30 for this ratio, with a standard deviation of 0-3, the 
remaining four values being disallowed as too far beyond these limits. The 
variability is much higher than that which could be caused by the errors of 
counting, a deviation of 0-1. Although in excising the corneas speed rather 
than completeness was the objective, there is no correlation between k,,/k,. 
and M, as might be expected if there was an error from this cause. A factor 
which is possibly influencing the results is a regional variability of the 
epithelial permeability either normally or consequent to the experimental 
conditions. 

In the application to the conditions of the B series of experiments equation 
(12) was taken with a,=0 and k,, and k,,/k,, having the values assigned to 
them previously, and a numerical integration was carried out in the same way 
as for equation (8) to give the variation with time of the activity of the 
outer portion. An average curve for the activity of the entire cornea was then 
obtained by combining the curve obtained in this way and that already obtained 
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| for the central portion, making use of the median value 0-64 for the ratio 


M,/M,. The full line drawn on Fig. 2 resulted, and it is seen to pass closely 


‘ gnough through the experimental points, ignoring some clearly aberrant 
values at 20 min. and after 1 hr., to demonstrate the approximate validity of 


the assumption made in formulating equation (10), that there is a balanced 
exchange of Na ions between the blood and the cornea at its periphery. 

The exchange between the blood-plasma and the cornea as a whole may be 
symbolized by a constant k,,., and if total ares ita of Na are ee considered 
we obtain 

o 
hence k,.=0-19 k,,, 
that is, the interchange across the limbus is 19 % of that across the endothelium. 

It is now possible to provide some justification for the assumption made at 
the beginning of this section, that the out-of-balance exchanges across the other 
boundaries of the cornea are negligible compared with the total exchange 


across the endothelium. For the limbus it has just been shown that there is 


a fair agreement in the calculated movement inwards and outwards across the | 
boundary, and so the out-of-balance movement must be a small fraction of 
19 % of the endothelial flux, As far as the epithelium is concerned K,, is 
30 to 90 times K,... Even if K,, does differ from K gs 1 Seems Very Unlikely that 
K..~K,, will be ‘significant when compared with ,,. 


Diffusion through the corneal stroma 

Although it may not be immediately evident from Fig. 4, a delayed entry of 
Na™ into the aqueous humour is shown in these experiments. The broken line 
is drawn, however, to show how the aqueous humour/cornea ratio would vary 
if the maximum rate of entry was initiated immediately, and it is clear that 
there is a deficit of Na™ found in the aqueous humour during the first few 
minutes. The obvious explanation is that it is a result of the time taken for the 
Na ions to diffuse through the tissues of the cornea, and though the experiments 
were not sufficiently accurate to enable the delay to be located either in the 
stroma or the combination of endothelium and Descemet’s membrane, it would 
seem reasonable to suppose the former is the more important on account of its 
much greater thickness. 

From the equations given previously and the diffusion equation for ‘the 


corneal stroma 

8 
it is possible to derive mathematically a theoretical relation for the aqueous 
humour/cornea ratio and time, which on solution would evaluate all the 
unknown constants including D,, the diffusion constant of the sodium ion in 
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the corneal stroma. In order to evade the labour involved it was thought 
preferable to obtain these results with the help of an analogous electrical 


series E. Values chosen as described in text. C,=9yF., C,=40uF., R,=100MN., R,= 
8 x 0-39 MQ., R,=12 MQ., R,=4-5 or 7-7 MQ., Rg =70 MQ. 
Evaluation of the diffusion constants by means of an electrical analogue 
It can be seen that equations (2), (3) and (4) are formally identical with 
Ohm’s Law: as 
1 


and equations (5) and (6) with the law connecting the charge and potential of 


a condenser 


The permeability relationships of the cornea can therefore be represented by 


an electrical circuit as shown in Fig. 5, where equivalent parts hold the same 


relative positions. The capacities C, and C, correspond to the corneal and 
aqueous Na volumes, and must have the ratio 


& cir cuit to 
Re su 
Ry re 
=== 
sowed 
“2 
1 
W 
| 0 
3 b 
Stroma Aqueous humour 
Plasma: 
Fig. 5. Schematic cornea and its relationships with surrounding media compared with electrical 
| analogue. Diffusion and electrical resistances are in corresponding places, as also Na™ and 
: electrical capacities. Nominal values of electrical components corresponding to experimental . 
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_ They were in the form of banks of paper condensers of capacities about 9 and 
45 »F.; as their nominal values did not hold for static charges their values had 
to be adjusted to the correct ratio in separate experiments by observing how 
such charges were shared between them. 

R, representing the epithelial barrier was in common with all the other 
resistors of the carbon composition type normally used in radio. Its value was 
not measured, but was such that the voltage acquired by condenser C, remained 
very small compared with that applied to the end ‘a’ of the resistor. A value of 
100 MQ. was found convenient for all but the shortest experimental times when 
10 MQ. was substituted. | 

R,, the endothelial resistance analogue, was chosen so that in combination 
with C, it had a half period of 1 min. 23 sec. This derived from the value 
0-050 min.-* found for AK, previously, a ratio of the time scalest/T=10 having | 

been decided on. 

' Ry, equivalent to the blood-aqueous barrier, was chosen similarly so that in 
combination with C, it had a half period of either 4 min. 37 sec. or 2 min. 46 sec. 
corresponding to the values 0-015 and 0-025 min.~' found as the extremes for 


“Ry , the equivalent diffusion resistance between cornea and sclera, was chosen 
so that R,/R,=0-17 roughly, this being the ratio between k,,, and k,, for Na™ 
exchanges under the conditions of the experiments in series E. 

For the stroma the analogous equation to equation (13) is 
dV _dk, @V 
dT ~ dC, dR’ (14) 
and capacity R, and C, are split into an infinite 
_ number of identical sections so that 


aR, : 


Again f dz,=z,, the total thickness of the stroma, and hence 
dx, 4, 


dR, R,’ 
and so dividing equation (13) by equation (14) and substituting 


t 
_ 
C,R, t R,’ 
where all the quantities are known except R,/R, which is easily determinable. 
R, and C, could not be divided indefinitely and nine sections were taken as 


(15) 
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being sufficient. The value of R, was then chosen to give the best agreement 
with the points in the lower part of Fig. 4. | 

: The experiments of series E were simulated by discharging both condensers and applying 4 con- 
venient d.c. potential at ‘a’ for a given length of time after which the circuit was broken at ‘a’, 
‘c’ and ‘d’, The potential difference across (, when the charge was uniformly distributed, and that 
across C, (equivalent to a,/r,, and a,) were then measured with « high impedance valve-milli- 
voltmeter. 


Hysteresis effects were at first very troublesome with the paper condensers but were very largely 


overcome by equilibrating them before the experiment at the voltage they were expected to assume 


ultimately, and then quickly charging them to their initial voltages and starting the experiment. 
As a result readings were attained which were consistent, and close to those theoretically calculated 
where possible; the error was thought not to exceed 5 % at any point. 


In this way the curves drawn on Fig. 4 were achieved. The division in the full 
lines correspond to the two values of R, and hence to the extreme values found 
for ka». The broken line shows the effect of shorting out the resistor R,, that is, 
equivalent to ignoring the time taken for the ions to diffuse across the cornea. 
As the full lines lie well within the points, the values found previously for k,,,, 
and k,, are confirmed, if not very precisely owing to the large scatter of the 
experimental points. It was at first believed that this scatter could be ac- 
counted for by the variations in k,,,, but this is evidently not so; other causes, 
apart from individual variations between animals easily suggest themselves, 
one of the most potent could be variations of the epithelial permeability during 
the course of the experiment. | 

The line was obtained with a value of R, which gave a ratio R,/R,=0-275 on 
measurement, and on substituting in equation (15) one arrives at a value for 
the diffusion constant of the Na ion across the corneal stroma D,=2-4 x 10-* 
cm.* sec.-*. The temperature in the conjunctival reservoir was measured with 
a thermocouple during the course of an experiment and found to be within 
a degree of that in the rectum. At body temperature the diffusion constant of 
Na in water is 2-0 x 10-* cm.? sec. and therefore the resistance to diffusion 
across the stroma is about 8 times the value in free solution. The difficulties 
encountered by the experiments of very short duration are such, however, that 
this figure is only considered to represent the order of magnitude of the ratio. 


One assumption implicit in the use of the electrical model chosen, that the resistance to diffusion 
in the aqueous humour and the solutions in the conjunctival reservoir causes only a negligible 
concentration gradient in these fluids, must now be considered. Translated into the more easily 
comprehensible electrical terms, the diffusion properties of the Na ion in free solution may be 
represented by a network of 35 KQ. resistances and 1 uF. capacities in series. As the epithelial 
resistance analogue is 400-1200 MQ, it is clear the current it will pass will not cause the neigh- 
bouring condensers to become appreciably discharged within practical time limits. It follows that 
stirring of the solution in the reservoir is unnecessary, for the activity loss of contiguous layers of 
solution by diffusion across the epithelium is negligible as assumed earlier. The influence of the 
diffusion resistance in the aqueous is more important but cannot be exactly analysed, as it will be 
diminished through mixing of the aqueous by its normal flow, the intra-ocular pulse, and any 
thermal circulation. The aqueous humour analogue will on the average be represented by forty- 
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five such resistance capacity sections, and therefore a total resistance of 1-6 MQ. will be introduced 
between R, and R,, and may very roughly be treated as an addition of 0-80 MQ. to each of them. 
The influence of a resistance change 4 times this figure in R, is seen in Fig. 4 as the lines corre- 
sponding to k,, =0-015 and 0-025 min.-! and as the additions to R, and R, will, to some extent, be 
compensatory it is unlikely that the effects of diffusion in the aqueous humour will be significant 
under these conditions. 


Experiments of series A 

In Fig. 6 a filled circle represents the activity of a sample of aqueous humour 
obtained at the end of an experiment compared with that found in the sample 
obtained from the same eye, when the initial mixing was completed. It is 
seen that the points fall on a curve with a half period of about 14 min. As the 
actual rate of loss of Na™ in each eye is different, to make the values of the 
corneal activity more nearly comparable the following procedure was adopted. 
10 
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Fig. 6. Variation in activity of cornea, open circles, and aqueous humour, filled circles, with time, 
after injections of Na™ into anterior chamber. Curves from electrical analogue, 
An initial value of the aqueous humour activity was calculated from the sample 
collected at the end of the experiment on the basis that the rate of loss from the 
anterior chamber had a half period of 14 min. The mean of the value obtained 
in this way, and of the initial aqueous humour activity as measured, was 
taken as a,, and — is plotted against the time from the injection until the 
a‘ ca 

cornea was dried after excision as the unfilled circles in Fig. 6. Where, in the 
experiments of short duration, only one aqueous sample was taken, a correction 
was made for the loss of activity during the few minutes between the injection 
and collection in adopting the value of a,. 
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These experiments were likewise simulated on the electrical model. With the 
_ circuit open at ‘d’, C, was charged to a known level and C, discharged. The 
circuit was then completed at ‘d’, and after a determined time disconnected 
at ‘c’ and ‘d’, and the potentials across C, and C, measured. In this way the 
curves drawn on Fig. 6 were obtained; it was found necessary to reduce both 
R, and R, from the values that were used previously. The reduction in R, was 
2-3 times, and half life of the C,R, combination was equivalent to a value of 
kay = 0-050 min.—. 
DISCUSSION 

These investigations were directed primarily towards adding to our knowledge 
of the mechanism by which the normal thickness of the cornea is maintained. 
This point will be the chief concern of what follows here, though some other 
points that arose will be discussed later. 

After the death of an animal or when the corneal epithelium or endothelium 
is damaged, the corneal stroma increases in thickness. It is natural to assume 
in the first place that the properties of the corneal stroma in vivo are the same 
as those it shows in vitro, and that its tendency to swell is countered by the 
properties of the limiting membranes in regard to the transfer of the con- 
stituents of the body fluids across them. This viewpoint was adopted by 
Cogan & Kinsey who have carried out the most extensive investigation of the 
problem. They found (Kinsey & Cogan, 1942a) that in the cat, the excised 
stroma swells in aqueous solutions of many salts, notably NaCl, and over 
a large range of tonicity and pH on either side of the normal. The cornea 
exhibited a swelling pressure of about 80 g.cm.~* in normal saline, though this 
apparently fell after 20 hr., a result which might be due to irreversible changes 
taking place. There is no reason to suppose that these properties are essentially 
different in the rabbit. 

The stroma will be maintained in its normal state of hydration if it is 
separated by a semi-permeable membrane from a solution having a colloid 
osmotic pressure equal to the swelling pressure; this follows at once from 
energy considerations if an infinitesimal volume of water is moved from 
one side of the membrane to the other. Hence, where osmotic relationships 
are concerned, the stroma may be considered as equivalent to such a solution, 
regardless of the actual state of the water it contains. The concentration of 
colloid corresponding to the value adopted for the swelling pressure is about 
4 m.osmol. 

As far as the properties of the limiting membranes are concerned, most of the 
literature describes experiments carried out under very abnormal conditions, 
or with drugs or other substances not normally present in the body, and much 
of this is only roughly quantitative. The only results that could be found, which 
were under conditions comparable with those reported here and with a normal 
constituent of the plasma, were those of Grénvall (1937) on the citrate ion. 
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Here, the increase in concentration in the aqueous humour only, after instilling 
fluid into the conjunctival sac, was measured, but the findings run so closely — 
parallel to those for Na™ that they are quoted in extenso in Table 3. The increase 


Taste 3 
Citrate Na™ 
Time Ce a, 
(min.) rs x 10,000 x 10,000 
75 4 1-0-3-0 
15 3 3-0-9-0 
20 20 48-15 
30 25 7-21 
60 60 16-48 


in citrate concentration of the aqueous humour over that in the control eye, 
relative to the concentration in the external solution, is placed alongside the 
comparable figure for Na™, the values for a,/a, corresponding to the limiting 
curves in Fig. 3 being taken in conjunction with the value for a,/a, given by the 
curve in Fig. 4. It is seen that the permeability of the cornea as a whole to the 


_ citrate ion is in general a little above the higher of the values obtained for Na. 


If it were indeed true that the ratio of the figures for Na and citrate remained 
constant with time, it would follow that the epithelial permeability was higher 
for the citrate ion and that the endothelial permeabilities were equal; though 
this cannot be asserted on the basis of so few figures, there is a fair indication 
that the permeability of the epithelium and endothelium has at least the same 
order of magnitude for both substances. The fact that ions so dissimilar as 
Na and citrate behave in this way suggests very strongly that at least the 
greater part of the transfer across these membranes is through extracellular 
spaces, and it may well be that all ions will behave similarly. 

Cogan & Kinsey (19425) advanced a theory to account for the normal 
unswollen state of the cornea based on the semi-permeability of the limiting 
membranes they had demonstrated, and what other workers had shown to be 
a slight hypertonicity of the aqueous humour and tears with respect to the: 
plasma. They supposed that water entered the cornea at its scleral boundary 
from the plasma, but that the stroma would be prevented from swelling as this 
water would be withdrawn by osmosis across the epithelium and endothelium. 

The inadequacy of this theory as it stands was pointed out by Davson 
(19494, 6) as not only water but plasma solutes would pass into the stroma at 
the corneal boundary. There is no reason to suppose the capillaries here are 
different from those in any other part of the body, in that they are impermeable 
to any plasma constituent which is present to the extent of 4 m.osmol. |.-'. 
As water only is removed across the limiting membranes there should be 
a tendency to swell at the expense of salts and water entering at the periphery. 
As Davson (1949a) suggested, the high salt concentration that is produced in 
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the stroma might stabilize the mechanism, and in Fig. 7a@ this possibility is 
developed a stage further. Hei, 

In this figure the three divisions represent the limbal capillaries, the stroma 


and the aqueous humour, and the figures against the symbols their osmotic 
activities, which are assumed to be close to their concentrations in value. For 


142 164 142 
= \ 


Fig. 7. Osmotic activities of constituents of aqueous humour, corneal interstitial fluid and plasma 
(as dialysate) according to various hypotheses. (a) Cogan & Kinsey’s theory, aqueous humour 
hypertonic to plasma in NaCl. (b) Same theory, aqueous humour hypertonic in neutral 
substance R. (c) Active transfer of cation R out of cornea. (d) active transfer of Na out of 
cornea. Arrows indicate directions of passive transfer. 


simplicity all the cations are shown as Na, and all the diffusible anions as C1. 
The symbol Coll refers to the collagen fibres of the cornea which are supposed 
to be responsible for its swelling pressure. The plasma concentrations are 
represented by those in its dialysate with which it is in osmotic equilibrium, 
the concentration of the aqueous is taken as 310 m.mol. 1-1, and the ratio of the 
concentrations of Na and Cl ions in the stromal interstitial fluid roughly those 
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found by Davson. The contribution of the tears to the water equilibrium is 
ignored; their tonicity is a variable quantity and if the permeability of the 
epithelium and endothelium for water at all resembles that for Na their influence 
will be small. The tonicity of the aqueous humour, on the other hand, is con- 
sidered all important in determining that of the stroma which will accordingly 
have an osmotic concentration of 310 m.osmol. 1.-!. Water can scarcely fail to 
equilibrate between two fluids separated over a large area by a relatively thin 
membrane, and the tonicity of the blood in the peripheral vessels can be 
expected to have only a local influence. The suggestion advanced tentatively 
by Davson (1949a) that the stromal fluid is hypertonic to the aqueous, is 
probably based on a wrong estimate of the volume of intercellular water, 
a change from 15 to 12 % would rectify the balance; furthermore, there is 
a possibility that part of the Na in the cornea is not in a freely diffusible state. 

Now in Fig. 7a, equilibrium will be established between aqueous and stroma 
with the concentrations shown, if the endothelium is impermeable to NaCl. 
For this, impermeability to Cl alone is sufficient. Considering now exchanges 
between the blood and cornea it may be recalled that it is the basis of the 
Donnan equilibrium that no energy is required to move an infinitesimal quantity 
of NaCl from one point to another as long as the product [Na] x [Cl] is the same 
in both places. If we thus choose [ Na, ] x [Cl,] =[Na,] x [Cl,] as has been done in 
the figure, there would be no gain in energy if NaCl entered the cornea from the 
limbus, and hence no swelling would be expected. It is seen that the aqueous 
humour would need to be 2-5 m.mol. |. hypertonic to the plasma in NaCl, 
a figure comparable to the 3-4 m.mol. |.-* found for Cl and 3-8 m.mol. 1.-* for 
Na found to be the excess in the aqueous humour over the plasma in the cat 
(Davson, Duke-Elder & Maurice, 1949). There would be a constant movement 
of water from limbus to aqueous humour and it is possible, but not evident in 
which way, that the NaCl equilibrium would be affected by this. 

An equilibrium such as shown in Fig. 7b, is conceivable in which the endo- 
thelium is permeable to NaCl but impermeable to some other substance R, 
which is in excess in the aqueous humour. # is shown as a neutral substance 
and the Na and Cl in plasma and aqueous humour will be in equilibrium. If 
these two fluids were dialysed against one another, R would pass into the plasma, 
and NaCl would pass from the plasma into the aqueous humour. Davson et al. 
(1949) showed that on dialysis the movement of Na and Cl was in the other 
direction, hence this hypothesis does not appear to be tenable. If R was an ion 
the movement of the ion of the same charge, Na or Cl, in the same direction 
would be even greater. The theory of Kinsey & Cogan necessitates, therefore, 
that the endothelial barrier be impermeable to Cl ions and this would appear 
unlikely in view of the findings in respect to Na and citrate. 

Some independent evidence that Cl does, in fact, move across the endothelial 
barrier at roughly the same rate as Na can be derived from the observed rate of 
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swelling of the cornea after death. As soon as active transport ceases, the 
maximum rate of swelling should be determined by the rate at which NaC] 
can cross this barrier, and if this is the same as that which is calculated later 
for Na, the maximum rate of swelling at body temperature would be 3 % of the 
weight of the cornea in an hour. This is of the same order of magnitude as the 
rate of swelling in enucleated cat’s eyes at room temperature (Kinsey & Cogan, 
19426) which was found to be 20 % in 20 hr. 

If a secretory action in the endothelium or epithelium is postulated, a wide 
variety of hypotheses are tenable, since the transfer out of the cornea of water, 
Na or Cl, or any substance present to the extent of 4 m.mol.1.-*, could be 
sufficient to maintain its normal thickness. 

The excretion of water directly from the stroma would be the least efficient 
energetically of all methods of keeping it in its relatively dehydrated state, as 
the water could certainly diffuse back with great readiness (Cogan & Kinsey, 
19424; von Bahr, 1948). In the absence of any information as to the diffusion 
constant of water across the endothelium in vivo, this possibility cannot be 
pursued any further. 

Among the less concentrated ions HCO,, K, Ca and perhaps Mg and H,PO,, 
are all possible candidates for active transfer out of the cornea. A concentration 


deficiency of 5 m.mol. J.-! would need to be created in the stromal interstitial — 


fluid and Fig. 7c illustrates a possible arrangement with R as a transferred 
cation, Na as before representing all the other cations including any quantity 
of R above 5 m.mol. 1.-'. It is seen that the relation 


[Na,] x =[Na,] x [Cl,] 
is satisfied, as also the osmotic equality across the endothelium. 

If the actively transported ion were Na or Cl, the state of affairs would be 
something similar to that shown in Fig. 7d. Less energy would be required to 
secrete these ions across the barrier than those present in greater dilution, as 
the concentration ratio through which they must be moved is less. It is worthy 
of note that frog’s skin has a permeability under the conditions of 0-9 %NaCl 
on either side closely approximating to that found here for the corneal epithelium 
(Katzin, 1940). As both are epithelial systems and Na ions are known to be 
actively transported in the case of frog’s skin (Ussing, 1949), in the absence of 
any other evidence preference should be given to the assumption that the same 
mechanism is at work in the cornea. | 

Assuming then that Na is the actively transported ion, it is possible to 
calculate the energy requirement to maintain the equilibrium of the cornea. 
A comparison of Fig. 7d with Fig. 76 or c will show in this case that there is 
an excess of NaCl in the aqueous humour of 2-5 m.mol. 1.-! over that which is 
required for equilibrium with the cornea, and an equal excess in the plasma if 
we neglect the possibility of a hypertonic aqueous humour. Na will move down 
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this concentration gradient across the endothelium and corneo-scleral boundary 
at a rate determined by the permeability of these barriers and must be trans- 
ferred out at the same rate. The rate of removal for the whole cornea will then be 


2-5 
700031000 (Fact Mereq mol.min.-!=7-5 x 10-* mol.min.-, 


and the energy requirement imposed by the concentration step at the endo- 
thelium 155 
75x RT log, 1595 cal.min.~! = 7-5 x 10-* cal.min.—. 


The Cl ions, not being actively transported, must be in equilibrium between 
cornea and aqueous humour. As there is a relative deficiency of 2-5 m.mol. 1.-! 
in the fluid of the former, it must of necessity be at a corresponding negative 
potential in respect to the aqueous humour, over and above the negative 
potential caused by the indiffusible anions of the corneal stroma. As a result, 
both the net flux of Na ions across the endothelium and the potential step up 
which they must be transported back again, are roughly doubled, and so the 
total energy used in the Na transfer will be 3-0 x 10~’ cal.min.—. 

The oxygen consumption equivalent of this energy requirement is only 


. 60x 10-" |. min.-". The overall oxygen usage for the isolated cornea can be de- — 


rived from the results of Robbie, Leinfelder & Duane (1947) and turns out to be 
1x 10-7 1. min.-", thus relatively only a very small fraction of the available energy 
need be applied to the maintenance of the normal state of corneal hydration, in 
comparison with that applied by workers in this field to the same problem. 

The calculated active transfer of Na is of the same order as the inward flux of 
Na across the epithelium, and 60 times less than the flux across the endo- 
thelium. If this transfer took place outwards across the epithelium, this 
membrane and the cornea, as a whole would display a high degree of unidirec- 
tional permeability whilst if it took place across the endothelium, the uni- 
directional permeability of the cornea as a whole would be slight. Unfortunately 
owing to the extreme sensitivity of the epithelium to damage, it was not found 
possible to devise a satisfactory technique to measure its permeability in the 
in-out direction with any certainty. Fischer (1928) came to the conclusion 
that there was an irreciprocal movement of NaCl across the cornea in the 
direction out-in, the opposite of what would be expected from the mechanism 
suggested here. His experiments involved, however, the placing of a hyper- 
tonic salt solution on the cornea and showing a resultant increase in the Cl 
content of the aqueous humour; apart from the reservations that must be made 
on account of the damage to the epithelium that such treatment could cause, 
this phenomenon can be explained more convincingly on the basis of the osmotic 
withdrawal of water from the anterior chamber. 

It is interesting that the epithelium, endothelium and the spinal 
barrier all have their permeability raised, presumably as a result of damage, by 
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treatment little more violent than stirring the solution in contact with them. 
What is more striking, however, is that the permeability of neither the endo- 
thelium nor the blood-aqueous barrier rose without limit under these conditions, 
indeed the results of the experiments in series A were the most consistent found. 
Again, the points in Fig. 3, corresponding to a raised epithelial permeability, 
could be interpreted in the same sense, there being a tendency for the triangles 
to group themselves round a line separated from the main body of points, but 
conforming to their contour. The ratio of the artificially raised permeability to 
the average normal value is of the same order in each case, being 2-0-3-3 timer 
for the blood-aqueous barrier, 2-3 times for the endothelium, and about 5 
times in the case of the epithelium. These phenomena point very definitely 
towards a double mechanism being involved in the exchange of Na across 
these boundaries, a more delicate one which reduces the value of the per- 
meability below that imposed by an underlying more rugged invariable barrier. 

The diffusion resistance of the corneal stroma may be compared with that 
found for Na across frog’s muscle by Harris & Burn (1949). Though the 
resistance to diffusion is 8 times the value for the ion in free solution in the 
former substance compared to 4 times in the latter, the corresponding volumes 


occupied by interstitial fluid are 85 and 13 % of the total volume. This high | 


resistance to diffusion offered by the stroma is perhaps associated with its good 
transparency, which could depend on a tightly packed arrangement of its 
fibres. 

SUMMARY 

1. In the rabbit the penetration into the cornea and aqueous humour of 
solutions of Na™ brought into contact with the corneal epithelium was studied, 
and also the distribution of Na™ between the plasma, aqueous humour and 
cornea, after intravenous injection. 

2. Simple relationships formulated for movements of Na between the media 
permitted them to be represented by an electrical analogue, which was of value 
in evaluating the experimental results. 

3. The permeability constant for the corneal epithelium in the direction 
in-out was found to be 0-00080-0-0024 cm. hr.-!, and for the endothelial 
barrier from aqueous to cornea 0-072 cm.hr.-!. 

4. There is a balanced exchange of Na with the blood stream at the periphery 


of the cornea, amounting to about one-fifth of the exchange across the 
endothelium. 


5. The resistance to diffusion of Na across the corneal stroma appears to be 
8 times its value in free solution. 

6. The permeability of the blood-aqueous humour and corneal endothelium 
barriers rises to a fixed value 2-3 times normal if the Na” is injected directly into 
the anterior chamber and mixed with the aqueous humour. The permeability of 
the epithelium rises about 5 times if the solution in contact with it is stirred. 


4 
4 
a 
0 
0 
a 
fc 
re 
{ 


CORNEAL PERMEABILITY 391 


7. The stability of the corneal thickness is discussed in terms of a mechanism 
involving a hypertonic aqueous humour as proposed by Cogan & Kinsey, and 
of one requiring active transfer of substances across the limiting membranes 
of the cornea. 
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APPENDIX 


Since the preparation of this paper the author has become aware of the work of 
Potts & Johnson (1950), who have carried out similar experiments with the 
ions P*?, Na, [451 and Cs!*4, Insufficient data is given by these authors to allow 
an analysis on the lines presented here except in the case of the penetration 
of I*1 into the cornea after intravenous injection. These results lead to a value 
of r’,, = 1-6 and a value of K,, some ten times that found above for Na™. At 
a rough estimate an even higher figure for K,, might be expected for Cs", but 
for P® it would appear that K,,, is lower than for Na™. 

These authors also show that the four ions studied all enter the cornea most 
rapidly at the periphery after intravenous injection, and are led to the same 
conclusion as is reached here, that there is an exchange with the plasma in this 
region. The results quoted, however, do not justify their statement that this 
is the predominant supply route for the cornea. 
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OVERLAPPING AREAS IN THE MOTOR CORTEX 
OF THE BABOON 


By E. G. T. LIDDELL anp C. G. PHILLIPS 
From the University Laboratory of Physiology, University of Oxford 
(Received 4 May 1950) 


The use of variable parameters of electrical stimulation in experiments on the 
motor cortex gives opportunity to reinvestigate the definition of cortical 
areas (Fulton, 1949; Livingston, 1949). In the classical experiments of Ferrier 


(1873, 1876) and subsequent workers (Griinbaum & Sherrington, 1901, 1903), ° 


the inductorium disclosed circumscribed foci for a large number of movements 
forming a motor map of relatively constant pattern. On the other hand, from 
clinical observations Hughlings Jackson (1890), and more lately Walshe (1943), 
recognized widely overlapping fields of origin—a belief supported by the well- 
known stimulations of the brain cortex by Penfield & Boldrey (1937). 

In observations on the motor cortex of the red monkey (Hrythrocebus patas) 
we found that single pulses of adequate duration (5-25 msec.) elicited solitary 
movements of thumb and index from a large area which overlapped, medially, 
another large area from which similar movements of the hallux could be 
provoked. With pulses 1 msec. in duration at a frequency of 100 c.p.s., on the 
other hand, this same cortical territory yielded the usual wide range of frag- 
mentary movements of all parts of the body. The observations were extended 
to the baboon (Papio papio), which seems to have a brain intermediate in 
complexity between other old-world monkeys and the great apes (Brown & 
Sherrington, 1911; Fulton & Keller, 1932). : 


METHODS 


Kight motor areas were examined in six immature baboons (P. papio), four male and two female, 
weighing between 4-0 and 6-0 kg. No immaturity of motor performance, however, was evident in 
their highly skilled and agile cage behaviour. 

They were anaesthetized with nitrous oxide followed by intraperitoneal hexobarbitone sodium 
(50 mg./kg. body weight). The effect of the first injection would generally last for about an hour, 
during which the surgical preparation would be completed, and a lighter level of narcosis would 
then be maintained, and varied as required by the experiment, by injections of 10-20 mg./kg. 
hourly. The trachea was cannulated. After craniectomy to expose one or both Rolandic regions 
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widely, the head was fixed in a clamp which gripped zygomata and palate, but permitted movement 
of the jaw. The scalp edges were lifted up by sutures towards an overlying metal ring. After opening 
the dura the pocket thus formed was flooded with liquid paraffin at body temperature, and the 
brain photographed. Prints were then shortly available for accurate charting during the period 
of stimulation. Under these conditions the cortex is well coloured, the arteries pulsate freely, and 
the brain does not bulge into, nor fall away from, the opening in the skull. 

The electronic stimulator we used was designed by Dr A. H. 8. Holbourn and delivers square 
pulses of current continuously variable in duration from 3 sec. to 50 psec., and in strength from 
5 pA. to 15 mA, The impedance of the output valve and the incorporation of large series resistance 
(overall voltage 400) ensured that the current flowing between the electrodes remained steady at 
any setting, and was largely independent of tissue-resistance and reactance; non-polarizable 
electrodes were unnecessary. Pulses could be delivered at any frequency between 2/min. and 500/ 
sec. Its calibration was frequently checked. It was driven from a stabilized power supply. 

Monopolar and bipolar stimulation were both used. For the former, the stigmatic electrode 
(Sherrington’s pattern) was the cathode, and was of silver wire tipped by a ball 0-75 mm. in 
diameter, spring-mounted and moved by a rack-and-pinion mechanism firmly clamped to the head- 
holder. The indifferent electrode (anode) was of silver foil tucked under the dural edge, or a silver 
plate beneath the scalp. In bipolar experiments the electrode-tips were 2-0-3-5 mm. apart. 

The preparation lay prone, with the opposite elbow semi-flexed, the forearm semi-pronated and 
the thumb and fingers semi-extended by light traction with thin latex strips. The opposite hindlimb 
was abducted at hip, with knee and ankle at right-angles. All movements started from this initia | 
posture. Three observers watched the responses. 


RESULTS 

The effect of single shocks 
Stimulation by single shocks sufficiently infrequently provides conditions which 
tend to minimize facilitation and extinction, evoking, from any point or zone 
of the cortical surface, the smallest possible response. It was found -by ex- 
perience that a facilitatory building-up of responses did not occur if the single 
pulses were delivered at a frequency of 1 c.p.s. or less. At first, a full minute’s 
interval was allowed between successive stimulations of three or four shocks 
each. After the first four experiments this interval was reduced when it had 
become clear that stable responses at 1 c.p.s. would continue for 2 min. at 
least. 

The optimum pulse-duration was about 5 msec. Longer pulses had no greater 
effect. Shorter pulses, on the other hand, were ineffective in the unfacilitated 
state unless the current-strength were increased, and were not used because of 
the risk of stimulus spread. The results were the same with bipolar as with 
unipolar stimulation, and were unaltered whatever the orieutation of the 
indifferent electrode. 

A part of the middle third of the precentral gyrus had the lowest threshold 
(1-0-1-6 mA.). Each shock caused a flick of the opposite thumb. The movement 
was generally of flexion and adduction, but sometimes of extension, and was 
associated, but not invariably, with abduction of index, with flexion or adduction 
of minimus, or with both. The details of the movement differed slightly from 
one preparation to the next, but were rather stable throughout each individual 
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experiment. No other movements could be evoked from this area at this 

strength, and no movements at all from the rest of the motor area (Fig. 1). 
A small increase in strength resulted in enlargement, in a medial direction, 

of the area from which this thumb-complex could be evoked (Fig. 2). The 


Fig. 1. Left Rolandic region, thumb-index-minimus area. Strength 1-6 mA., duration 4-5 msec, 
Scale in mm, Arrows mark central fissure. 


Fig. 2. Same experiment as in Fig: 1. Enlargement of thumb-index-minimus area, solid line, 
strength 1-8 mA., duration 4-5 msec. Broken line indicates area in Fig. 1. 


4 
Fig. 3. Fig. 4. 


Fig. 3. Same experiment as in Figs. 1 and 2. Strength 2:05 mA. Thumb-index-minimus area 
indicated by lower continuous line. Broken lines indicate areas in Figs. 1 and 2. Upper 
continuous line indicates toe area, now overlapped by thumb-index-minimus area. 


Fig. 4. Same experiment as in Figs. 1-3. Strength 3-7 mA. Continuous line indicates mouth area. 


Thumb and toe areas, though now actually larger, are indicated as in Fig. 3, but with broken 
lines, 


movements obtained from its edges resembled those obtained from its lowest 
threshold lateral part with the weaker shocks. The remaining parts of the motor 
area do not respond at all at this strength. 

Further increase in strength enlarges the area still further medialward, and 
at this stage flick movements of the toes occur when a medially contiguous 
area is stimulated (Fig. 3). These movements, like those of the hand, are 
variable from animal to animal: sometimes hallux, alone or with the long 
middle toe, flexes; sometimes the four lateral toes dorsiflex, alone or with 
abduction of hallux. As the shocks are made still stronger, these areas for the 
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thumb and toe complexes, expanding respectively medialward and lateralward, 
overlap more and more. A third area then appears: movements of the tongue, 
and sometimes of the crossed lower face as well, answer stimulation of the 
lateral part of the gyrus (Fig. 4). And with stronger shocks still, the three areas 
overlap so extensively that flick movements of all three regions together can be 
obtained by stimulating at any point over the greater part of the motor area. 

With the stronger shocks, the thumb complexes elicited from the lowest 
threshold region of the thumb area were more vigorous, involving all the 
digits (usually in dorsiflexion) and sometimes the wrist as well; with stronger 
shocks still (5 mA.) the elbow may flex as well. 

The level of narcosis was found to be of critical importance. In every 
experiment, and several times during each experiment, these stimulable areas 
would shrink, or disappear altogether, during the few minutes that followed 
each (hourly) injection of hexobarbitone, to reappear (thumb first, face last) 
and enlarge gradually as the anaesthetic lightened again. The level of narcosis 
could be gauged more readily from the size of these areas for any given current 
strength than from any other signs. Conjunctival, pupillary and swallowing 
reflexes were present throughout. | 

From four of the motor areas examined, the cortical region of the lowest 
threshold for the ‘thumb complex’ was at the conclusion of the experiment 
resected subpially, without reducing the responses obtained from the fringes 
of the enlarged area found with the stronger shocks. 

The detailed analysis of the electromyographic records from the intrinsic 
muscles of the hand is not now presented in detail. But it may be said that the 
measured latencies varied between 10 and 16 msec., which were the shortest 
and longest values in the whole series of experiments. In any one experiment, 
the largest difference between maximum and minimum latencies was 4 msec. 
If movement had been due to excitation of the regions of lowest threshold by 
deep cortical waves (Adrian, 1937) reaching them from outlying stimulated 
points, the latencies should have lengthened systematically, by at least 10 msec. 
for every 6mm. Adrian found no such lengthening in the same muscles 
excited from different cortical points, nor have we observed it in our own ex- 
periments. 


Responses to repetitive stimulation 

If the frequency of the current pulses is increased, for example to 50 c.p.s., 
the simple pattern of representation of hand, toes and face ultimately dissolves 
into the greater wealth of representation of fragmentary movements of all 
parts seen in the classical motor map (Brown & Sherrington, 1911). 

This effect of progressive increases in pulse frequency at different cortical 
points (pulse strength and pulse duration remaining unchanged) has been 
repeatedly observed. In general, it may be said that movements of more 
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proximal joints are brought in by frequencies above about 15 c.p.s., with 
diminishing summation-period for those movements as the frequency rises 


further. Stimulus rhythm up to about 10 c.p.s. is visible and palpable in the 


distal parts which alone are activated by the same pulses when given singly. 


Fig. 5. Left Rolandic region, another experiment, 4-5 msec. pulses. Continuous line indicates 
thumb-minimus area when strength 2-35 mA., broken line when strength 1-4 mA. Cross marks 
point referred to in text. 


This process of transition can be illustrated by an example from another set 
of observations. A point, indicated by the cross in Fig. 5, was stimulated with 
4-5 msec. pulses, strength 1-0 mA., while the pulse frequency was gradually 
increased. The development of events was as shown in Table 1. 


Pulse frequency 

Time (c.p.8.) Response 

1843 — 100 mg. hexobarbitone injected 

1852 l Flick-flexion and adduction of thumb and flexion 

of minimus with each shock 

1853 10 Flexion of thumb and minimus, with detectable 
stimulus rhythm 

1855 10 Flexion of thumb and minimus, with detectable 
stimulus rhythm 

1856 17 Flexion of thumb and minimus; rhythm 
irregular 

1857 25 Immediate flexion of thumb and minimus; 
delayed movement of wrist 

1858 25 Immediate flexion of thumb and minimus; 

dorsiflexion and ulnar deviation of wrist, 

latency 2-5 sec. 

1859 37 Immediate flexion of thumb and minimus; 


dorsiflexion, ulnar deviation and hyperpro- 
nation of wrist, latency 2 sec. 

1900 50 Immediate flexion of thumb and minimus; 
dorsiflexion, ulnar deviation and hyperpro- 
nation of wrist. Small interval between digit 
and forearm movements 
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When electrode positions are chosen well inside the ‘leg area’, and pulses 
are strong enough, singly, to elicit combined flick-movements of thumb and 
toe complexes, the thumb-complex component of the response gradually drops 
out as the frequency is increased and movements of the proximal parts of the 
leg are now added to those of the toes. 


DISCUSSION 


The configuration of the excitable motor areas delineated by single-pulse 
stimulation at an appropriate level of narcosis is akin to the composite map of 
Penfield & Boldrey (1937, fig. 25) derived from cortical stimulation of 163 
conscious patients, with a frequency of 55-65 c.p.s. Before 1932 they had been 
using galvanic stimulation for localization and faradic for provoking epi- 
leptiform phenomena, when the importance of exact — of the 
parameters of stimulation was not appreciated. 

Hughlings Jackson (1890) had concluded from the study of oncoming and 
recovering paralysis, and of local epilepsy, that the representations of move- 
ments overlap and that the highly skilled movements of distal parts do so most 
widely. ‘To me the “leg centre” is only part of the “motor region” where 
most special movements of the leg are represented, and where subordinate 
movements of the arm and of other parts of the body are also represented. 
(The same mutatis mutandis for other centres).’ 

Anatomical proof of overlap in the macaque’s brain is provided in the recent 
study of Glees & Cole (1950). Small lesions in the ‘hand area’ caused degenera- 
tion diffused evenly throughout the cross-section area of the pyramidal tract, 
extending as far as the lumbosacral cord. Functional recovery followed in 
quantitative tests of motor skills pre-operatively inculcated. Their observations 
confirm the earlier observations of Sherrington (1889), who found that 
after a lesion in the arm area encroaching little if at all on the cortex of the 
leg area, Marchi’s method showed degeneration in the cord as low as the sacral 
region of the cord. As in the case of the comparable clinical observations, 
recovery, in the experiments of Glees & Cole, is unintelligible in terms of a 
rigid mosaic of motor representation (Walshe, 1947). 

In stimulation experiments Murphy & Gellhorn (1945) observed a wide 
overlap of representation in rabbit, cat and monkey under conditions of 
primary facilitation, but were surprised to find that proximal movements were 
evoked at least as widely, and even more widely than distal movements. Clark 
& Ward (1948) were also surprised to find that near-threshold stimulation ex- 
cited distal segments less often than proximal. Like Penfield & Boldrey 
(1937) both groups of investigators employed relatively high frequencies of 
stimulation: 90 c.p.s. (Goodwin stimulator) and 60 c.p.s. (alternating current) 
respectively. | 
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The experiments now reported have differed from those of other investigators 
chiefly in the choice of anaesthetic, which seems to be less of a circulatory 
depressant than Dial, and in the use of stimulus frequencies so low that each 
shock finds the cortex in an ‘unfacilitated’ state. In these circumstances large 
overlapping areas of the precentral gyrus yield flick movements of distal parts. 
With higher frequencies the pattern of representation approximates more and 
more to that of the classical maps. 

The possibility that escape of stimulating current may have been the cause 
of the overlap found in our experiments remains to be discussed. We believe 
that the irregular shape of the areas and the eccentric disposition of their 
lowest threshold regions makes this unlikely; these spatial features are un- 
affected by altering the orientation of the indifferent electrode in unipolar 
stimulation or by changing to bipolar. Escape of current to the cortex of the 
lowest threshold regions (but not to the underlying white matter), or trans- 
cortical spread of excitation to it, is excluded by the experiments in which 
those regions were excised. Replacement of the dural flaps and stimulation 
of their surfaces never excited the underlying cortex. None of these controls, 
of course, is absolute. But even if escape of current were occurring, it remains 
true that at the strengths we used, single pulses evoked these distal movements 
alone, and none of the other movements, to reveal whose rich representation 
there was need only to increase the frequency of the same stimulating pulses. 


SUMMARY 


1. In six young baboons anaesthetized with soluble hexobarbitone stimula- 
tion of the brain surface with single pulses (1-5 mA., 5 msec.) elicited flick 
movements of thumb, index and minimus, of hallux and other toes, and of 
tongue and angle of mouth, from large overlapping areas centred on middle, 
medial and lateral thirds respectively of the precentral gyrus. 

2. Thumb complex has the lowest threshold, face complex the highest. 


3. If the frequency of stimulation is increased, this simple pattern of | 


representation dissolves into the classical motor map. 


For technical assistance we are especially indebted to Mr F. Elvidge. 
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OBSERVATIONS ON THE PRESENCE OF CHOLINERGIC 
AND NON-CHOLINERGIC NEURONES IN THE 
CENTRAL NERVOUS SYSTEM 


By W. FELDBERG,* G. W. HARRIS anp R. C. Y. LINT 
From the Physiological Laboratory, University of Cambridge — 
(Received 5 May 1950) 


Results recently obtained in dogs on the distribution of choline acetylase in 
the central nervous system suggest that it is built up of cholinergic and non- 
cholinergic neurones and that, in some nervous pathways at least, these 
neurones may alternate (Feldberg & Vogt, 1948). The present observations 
are a continuation of this work. 


The first neurone in the sensory nervous pathway was thought to be non- 


cholinergic because the posterior roots and the funiculi gracilis and cuneatus 
contained practically no choline acetylase or gave low values. On the other 
hand, the relatively high values obtained for the nuclear masses in which these 
sensory fibres, as well as those from the auditory nerve, end were regarded as 
evidence for the cholinergic nature of the second neurones. Thus, the nature of 
the first neurone was based on low values for nerve fibres, that of the second 
neurone on high values for grey matter. The conclusion would be much 
strengthened if it could be shown that white matter containing the fibres of the 
second ascending neurone yielded high values as well. 

There are few regions which, like the trapezoid bodies and the fillet, 
contain fibres mainly of this kind, but other regions contain them at least in 
a certain proportion. In the present paper the choline acetylase concentration 
of such regions was examined and compared with that in nerves and tracts 
containing the first ascending neurones. In addition, a number of other tracts 
and regions were analysed, and an attempt was made to determine the dis- 
tribution of choline acetylase in different parts of the thalamus. All the above 
observations were made on the dog, but additional assays were made on the 
retina and parts of the brain of Sepia officinalis for the following reason. It had 
been found that the retina of the dog contained large emounts of choline 
acetylase, but there was no indication whether the enzyme was derived from 
the first-order neurone originating in the rods and cones or from the second- 
order neurone, which impinges on the ganglionic layer and from which the 
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non-cholinergic optic nerve originates. In Sepia the retina consists of one type 
of visual element only and its nerve fibres pass as the retinal nerves, without 
synaptic interruption to that part of the brain which is called the optic ganglion. 
In this animal the first neurone of the optic pathway can thus be examined 


separately. 
METHODS 


Dogs were anaesthetized with ether and killed by bleeding. The brain, with the spinal cord down 
to the lower cervical region, was removed in toto as rapidly as possible. Then two pieces of tissue, 
i.e. spinal cord and brain stem, were cut out by transection of the upper end of the spinal cord and 
of the upper end of the midbrain. The pieces of tissue not dissected at once were placed in the 
refrigerator and kept there for 30-50 min. until dissected. Dissection was carried out on a dry glass 
plate after carefully stripping off all meninges and blood vessels, and the removed parts were at 
once dried in ice-cold acetone. Details of the dissection are as follows: 

(1) Funiculi gracilis and cuneatus. The spinal cord was placed on its ventral surface and the more 
superficial parts of funiculi gracilis and cuneatus were raised from the remainder of the cord at one 
end by undercutting with a knife. The elevated parts of the tracts were then grasped firmly with 
forceps and slowly stripped from the rest of the cord. In only one case (Exp. 1) was there any sign 
of grey matter attached to the deeper surface of the tracts. 

(2) Region of spino-cerebellar tracts. After removal of funiculi gracilis and cuneatus, the spinal 
cord was cut in the mid-sagittal plane and each half placed on the cut surface. The most superficial 
parts of the lateral aspects of the cord were then carefully sliced off, for several inches with a sharp 
knife and brought into the acetone. 

(3) Zighth nerve was removed between the brain stem and the point where it penetrated the 
petrous part of the temporal bone. Care was taken to separate it from the seventh nerve and to 
ensure that the cochlear nuclei were not cut away with the nerve. 

(4) Trapezoid bodies were dissected from their bed below the pons and lateral to the pyramidal 
tracts. The deeper surface of the quadrilateral pieces of tissue so removed was scraped with 
a knife to ensure freedom from contamination by adjacent tissues. 

(5) Lateral fillet was removed from the lateral surface of the midbrain as it winds round the 
superior cerebellar peduncle, and before becoming related to the inferior corpora quadrigemina. 

(6) Fimbria was removed as a strip, where related to the gyrus dentatus. 

(7) Forniz. The anterior column of the fornix was dissected down, through the lateral wall of 
the third ventricle, to the mammillary body. The whole anterior column of the fornix was removed. 

(8) Mammillo-thalamic tract was separated from the wall of the third ventricle by blunt dissection 

and rather reduced in size by careful scraping of its periphery to ensure freedom from surrounding 
tissue. 
(9) Regions of thalamus. In order to obtain tissue of the anterior nucleus the tip of the anterior 
tubercle of the thalamus was removed. For the dorso-medial nucleus, the stria habenularis was 
removed from the surface of the thalamus and a piece of tissue removed from the region of this 
tract. The removed tissue probably contained some of the midline nuclei, but consisted mainly of 
the dorso-medial nucleus. For the ventral nucleus a horizontal section was made through the 
cerebral hemisphere, just below the level of the interventricular foramen, and a small mass of 
tissue taken from the central part of the grey thalamic matter so exposed. 

Sepia officinalis. Dissection was carried out from the «t-off head of the freshly killed animal. 
The dissected tissue was at once dried with ice-cold acetone. Usually the acetone-dried powder 
from two or three animals killed on the same day, or within a few days, was pooled. 

From the acetone-dried tissue saline extracts were made, incubated and assayed for acetyl- 
choline, according to the procedure described by Feldberg & Vogt (1948). The choline acetylase 
concentration of the tissues examined is expressed as yg. acetylcholine chloride synthesized per 
gram acetone-dried tissue during 1 hr. incubation. 
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RESULTS 
Dog’s brain. The results are summarized in Table 1. This gives the actual 
amounts (in pg.) of acetylcholine synthesized per gram of dried tissue per hour 
for the region of the thalamus; but for all other regions the values are expressed 
as percentages of this value. 


TaB_z 1. Synthesis of acetylcholine in different regions of dog’s nervous system 


Experiment 

| 1 2 8 6 Means 
Thalamus (yg. acetylcholine/g. powder) 450 360 200 280 280 275 323 

(Synthesis expressed as percentage of value for thalamus) 
Anterior nucleus of thalamus 6 60  — 1986 #138 145 
Dorsomedial nucleus of thalamus 6 106 -—- — 178 M6 1% 
Ventral nucleus of thalamus “ar — 17 
Caudate nucleus 118 125 162 129 132 142 = 135 
Funiculi gracilis and cuneatus 14 3 >. — 0 1 4 
Eighth nerve 8 18 9 
Trapezoid 39 — #4107 14 53 
Lateral fillet — 232 — ls wus — 56 
Fornix 73 72 6 
Mamillo-thalamic tract 2 @ s&s 


In confirmation of the previous results, the tissue of first-order ascending 
sensory neurones is shown to contain little choline acetylase, for instance, the 
funiculi gracilis and cuneatus and the eighth nerve. The mean values for these 
tissues are even lower than the corresponding ones given previously, probably 
because, in the present work, care was taken not to include the deeper layers 
of funiculi gracilis and cuneatus adjacent to the posterior horns. When this 
occurred (Exp. 1) the value was slightly higher. In the case of the eighth nerve 
care was taken not to include the tissue of the cochlear nuclei, which form the 
cell bodies for the second-order neurones. The trapezoid bodies and the lateral 
fillet, which contain the fibres of these neurones, certainly gave much higher 
values than those for the first neurone; the mean value rose from 9 to about 
50%. The mean value for the region of white matter which includes the spino- 
cerebellar tracts, i.e. second ascending neurones, had risen only to 30%; but 
this region is anything but a pure tract. 

White matter which gave high values was that from the fimbria, fornix and 
the mammillo-thalamic tract. These tracts must, therefore, contain a high 
percentage of cholinergic fibres and it would seem that, in the mammillary body, 
cholinergic fibres impinge on cholinergic neurones. 

When parts of the thalamus were extracted separately, the region of the 
ventral thalamus was found to give the lowest value. From this part the thalamic 
radiation originates which, according to the previous experiments, is probably 
non-cholinergic. The values for the anterior and dorso-medial thalamus are as 
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high as those for the caudate nucleus; this may be because all these nuclei 
represent regions in which there is a high incidence of cholinergic fibres 
impinging on cholinergic neurones. In this connexion it is interesting to note 
that the mammillo-thalamic tract passes to the anterior nucleus which, further- 
more, has connexions with the caudate nucleus. 

Sepia officinalis. The results are tabulated in Table 2. The retina and the 
retinal nerves synthesize no, or little, acetylcholine under the conditions of our 
experiments, whereas the optic ganglia are rich in choline acetylase. The outer 
layers of these ganglia, which contain a layer of cells on which apparently many 
of the non-cholinergic fibres of the retinal nerves synapse, synthesize per gram of 
tissue less acetylcholine than the inner parts of the ganglia. 


TaBLE 2. pg. acetylcholine synthesized per gram of acetone dried tissue 


of central nervous system of Sepia 

Experiment 1 2 3 4 
Retina 0 0 0 5 
Retinal nerves 0 0 0 5 
Inner part of optic ganglion 400 2600 — 340 
Outer part of optic ganglion 80 1350 = 65 
Optic nerve 50 60 145 —_ 
Cerebellar ganglion 240 430 — — 


The extracts prepared from the acetone-dried retina, and retinal nerves, 
contain an inhibitor of the synthesis of acetylcholine. For instance, when 
incubated together with equal amounts of extract from the optic ganglia, 
synthesis of the ganglia was reduced by about 30%. But even if a similar 
inhibition should have occurred in the extracts of retina and retinal nerves when 
they were incubated by themselves, they would still have to be considered as 
tissues containing very little choline acetylase. 


DISCUSSION 


Feldberg & Vogt (1948) had based the interpretation of their results on certain 
conceptions mainly derived from our knowledge of the properties of cholinergic 
neurones in the peripheral nervous system, but had not considered the possi- 
bility that the results may, to a certain extent, be influenced by the thickness 
of the axons and the degree of their myelination. As the enzyme is apparently 
located in the axon, its thickness and degree of myelination may affect the 
result. On the other hand, the great concentration of choline acetylase in the 
anterior roots suggests that, in the peripheral nervous system at least, high 
myelination of cholinergic fibres is compatible with high values for choline 
acetylase. 

The conception that the enzyme is located in the axon must also be taken into 
-account when dealing with the enzyme in grey matter. The nuclear masses of 
the brain owe their greyness not so much to the cell bodies as to the presence 
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of a great number of non-myelinated fibres. This is so because the fibres which 
impinge on the nerve cells lose their myelin sheath a short distance before they 
form synapses, and those which originate from the cell bodies again contain no 
myelin sheath at the beginning, but acquire it a short distance away from the 
cell body. It is, therefore, not surprising that cholinergic tracts should not 
contain per gram tissue as much choline acetylase as grey matter, with a high 
percentage of cholinergic neurones impinging on cholinergic neurones. This 
occurs, apparently, in the caudate nucleus and on two of the three nuclei of the 
thalamus. 

Taking these points into account, the results obtained on dog’s brain agree 
with the conception that the central nervous system is built up of cholinergic 
and non-cholinergic neurones and that, apparently, cholinergic neurones form 
a certain proportion of the secondary ascending neurones. 

From the results obtained in Sepia, it is difficult to draw definite conclusions 
as to the nature of the different neurones of the optic pathway in mammals. 
In Sepia the first neurone in the optic pathway is certainly non-cholinergic, 
whereas its second neurone appears to be cholinergic. If the cells of the optic 
ganglia in Sepia correspond to the bipolar cells in the retina, these results 
would suggest that in mammals, too, the first neurone originating in the cones 
and rods is non-cholinergic and that the choline acetylase of the retina is located 
in the second neurone which, in its turn, would impinge on the non-cholinergic 
optic nerve. 

SUMMARY 
The choline acetylase content of various regions of the brain of the dog and 
of Sepia officinalis was examined. The results support the view that the nervous 
system is built up of cholinergic and non-cholinergic neurones, which in some 
instances may alternate with each other, 
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A HISTOCHEMICAL STUDY OF THE DEVELOPING 

PREEN GLANDS OF CHICKS FROM FOURTEENTH 

DAY OF INCUBATION UNTIL FOURTEEN DAYS 
AFTER HATCHING 


By D. B. CATER anp N. R, LAWRIE 


From the Department of Pathology and the Department of 
Biochemistry, University of Cambridge 
(Received 8 May 1950) 


Our interest in the preen gland of fowls was first stimulated by finding that it 
was very rich in acid phosphatase. This observation, together with the 
distinctive oil-secreting function of the gland, suggested that a study of the 
biochemistry and histochemistry of this organ might throw light upon pro- 
blems of the metabolism of lipids. Hou (1928) reviewed the extensive literature 
and described his experiments which showed that the oily secretion of the 
preen gland contained provitamin D. This raises the additional interesting 
possibility that steroid synthesis may be taking place in this gland. 

In our previous communications (Cater & Lawrie, 1949, 1950) we described 
how modern histochemical techiques clearly demarcated two different zones 
in the preen gland, an outer ‘sebaceous zone’ and an inner ‘glycogen zone’. 
The gland has two lobes, and each lobe has a central cavity frém which radiate 
out numerous tubules which end blindly against the gland capsule. The parts 
of the tubules nearest the capsule constitute the sebaceous zone, and the parts 
of the tubules nearest the cavity constitute the glycogen zone. In the fowl the 
sebaceous and glycogen zones are of approximately equal thickness. 

A cross-section of the tubule in the ‘sebaceous zone’ closely resembles the 
histological appearance of the sebaceous gland of man. The outer cells lying 
against the vascular stroma are flattened, have well-stained cytoplasm, and 
divide to form layers of typical sebaceous cells, polyhedral in outline, whose 
cytoplasm is a foam of lipoid droplets which stain well with Scharlach R, but 
only very poorly with prolonged osmic acid staining. These cells finally dis- 
integrate, liberating the lipoid secretion into the lumen of the tubule in the 
manner of a typical necrobiotic gland. Only the secretion stains strongly for 
acid phosphatase. 
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A cross-section of the tubule in the glycogen zone shows the peripheral 
dividing layer of cells packed with glycogen granules and staining intensely 
for acid phosphatase. As these cells mature they become progressively nearer 
the lumen of the tubule, and their cytoplasm becomes full of droplets of lipid 
which stain black with osmic acid. 

The biochemical investigation of preen gland homogenates confirmed the 
high acid phosphatase activity, but also showed an active esterase which would 
split ethyl esters of short-chained fatty acids but had no action on olive oil. 

Shortly after this earlier paper went to press it was possible to demonstrate 
the exact location of this esterase by the histochemical technique described by 
Nachlas & Seligman (1949). In the preen gland of the fowl the distribution of 
_ the esterase is similar to that of the acid phosphatase, namely, in the secretion 
of both zones and the cells of the glycogen zone. In the duck, however, the 
cells of the sebaceous zone, although free from acid phosphatase, stain intensely 
for esterase. Thus in the duck the whole gland stains for esterase, a finding 
which is in keeping with the higher esterase activity of duck preen gland 
homogenates. 

It thus appeared that in the cells of the glycogen zone of the preen gland 
there was present a combination of glycogen, acid phosphatase and esterase, 
and that at a later stage these cells developed lipid stainable by osmic acid. 
An investigation into the histochemistry of the developing gland was therefore 
undertaken, in the hope that if the order in which the glycogen, the acid 
phosphatase, the esterase and the lipid appeared could be determined, it 
might afford valuable evidence of their functional relationships. 

It might be noted in passing that the classical studies of developing organs 
have been largely concerned with anatomical and histological changes, but new 
histochemical techniques now open up means of investigating functional 
development by detecting the first appearance of certain enzymes. 

Paris (1913), and several earlier workers whom he quotes, have all described 
the development of the preen gland. Their descriptions agree that, in the hen, 
between the 9th and 10th day of incubation the epidermis forms two recesses, 
one on each side of the mid-line, which enlarge to form the central cavities of 
the bilobed gland. From the walls of these indentations arise comb-shaped 
epithelial buds which soon become hollow and give rise to the ‘spongy’ portion 
of the gland. These were called primary buds by Lunghetti (1907). From the 
primary buds originate long thin epithelial pegs (secondary buds), from which 
the tubules are formed. 

In this paper the histochemical changes in the preen gland have been traced 
from the 13th day of incubation (6-7 g. embryos) until the 14th day after 
hatching. The development has been followed from the time when the preen 
gland consists of a central cavity lined by epithelium which is in process of 
budding off primary buds to the time when the organ is a small replica of the 
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gland in the adult bird, as judged by both anatomical and histochemical 
standards. We are reminded both by this story of development and by the 
presence in the preen gland of typical prickle cells (in 8-10 g. embryos; 13th 
or 14th day of incubation) that the preen gland is an epidermal structure. This 
raised the second problem for investigation. The sections showed not only the 
histochemistry of the preen gland but also that of the normal developing skin 
and of a further structure derived from epidermis, namely, the feathers. All 
these three epidermal structures showed at one stage or another of their 
development the presence of glycogen, esterase, lipid, alkaline and acid 
phosphatases. It was pertinent to inquire how the histochemical development 
of the preen gland and feathers differed from that of the epidermis, as the preen 
gland developed its specialized function of secreting lipid and the feathers 
specialized in the production of barbs of keratin. 

The presence of fat depots in the sections prompted a comparison of the 
histochemistry of the adipose tissue with that of the preen gland. 

A preliminary investigation was also made into the histochemistry of the 
sebaceous gland in the dog, to see if the histological resemblance of the seba- 
ceous zone of the preen gland to the mammalian sebaceous gland was paralleled 
by histochemical similarities. 

METHODS 


The preen gland is too small before the time of hatching to yield satisfactory histological prepara- 
tions if it is divided. It was soon realized that the weight of the embryo was a more accurate guide 


than the day of incubation to the degree of development of the embryo. But although the eggs were 
all from one source (a pure breed of White Leghorns), they did vary considerably in size. It was 
thought that the size of the egg might influence the size of the embryo, and to exclude this pos- 
sibility all eggs, embryos and shells were weighed. 

The ratio of shai examined statistically gave only partial evidence 
of being a more valid guide to degree of development than the weight of the embryo. We have 
therefore used the weight of the embryo as being simpler and probably sufficiently accurate for 
studies of this kind. 

Every effort was made to keep the conditions of incubation as constant as possible, and charts 
were kept of incubation temperatures. 

About the 20th day of incubation the yolk sac is drawn into the chick’s abdomen. This would 
give a sudden increase of weight, so the yolk sac was always dissected out of chicks in the stages 
just prior to hatching and until it disappeared about the 7th day after hatching. The crop was also 
removed from chicks after. hatching, as this represented another variable weight hazard. The preen 
glands were dissected off with a razor blade and placed immediately in thp fixatives and subjected 
to the following histochemical techniques: 

Lipids. Method used by Dalton & Peters (1944) for adrenal cortex. The tissue was fixed in 
Champy’s fluid for 24 hr., washed in running tap water for 24 hr., then placed in 2% (w/v) osmic 
acid for 5 days at 38°C. After embedding in paraffin, the sections were cut at 5». and either 
mounted unstained or lightly counterstained with neutral red. 

Preen glands were also taken from 8 to 35 g. embryos (13th day of incubation to | day after 
hatching) and fixed in formol saline. Frozen sections were cut, and some stained with Sudan black 
and counterstained with carmalum and others stained with Scharlach R and counterstained with 


haematoxylin. 
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Alkali j hatase. The Gomori technique was used, keeping within the time limits, etc. 
suggested by Danielli (1946). The tissue was fixed in 80% (v/v) ice-cold ethanol. The slides were 
incubated in the substrate for 2, 6 and 24 hr., and compared with controls incubated at pH 9 
without the f-glycero-phosphate, for identical periods of time. A very strongly positive result after 
2 hr. incubation is recorded as + + + +/2 hr., a weak reaction after 24 hr. incubation as + /24 hr., 
and intermediate results in a corresponding manner. 

Acid phosphatase. Gomori technique (1941). Tissues were fixed in ice-cold absolute acetone for 
24 hr. The sections were incubated with an acetate buffer at pH 5 with «-glycero-phosphate and 
lead nitrate for 2, 6 and 24 hr., and compared with controls. 

In order to ensure the demonstration of acid phosphatase as early as possible, attempts were 
made to block-stain the smaller preen glands. These were fixed for 24 hr. in two changes of ice-cold 
absolute acetone and were then washed rapidly in three changes of the substrate and incubated in 
the substrate for 24 hr. Control glands, or half-glands, were incubated in the control solution for 
similar periods. The glands were then washed in three changes of distilled water for a total of 14 hr. 
and then placed in 3% (v/v) acetic acid overnight. They were then washed again in three changes 
of distilled water and placed in dilute yellow ammonium sulphide for 24 hr., after which they were 
washed, dehydrated, cleared and embedded in wax. Serial sections were cut and counterstained 
with safranin. With preen glands taken earlier than 4 or 6 days after hatching, the control remained 
clear, while the gland incubated in the substrate showed positive staining. The results were es- 
sentially similar to those given by the Gomori method, but suggested that the central portions of 
the gland were not adequately stained, probably because the substrate could not diffuse sufficiently 
rapidly into the mass of tissue. Cutting the gland into thin slices after fixation, before placing in 
the substrate, would probably give more satisfactory results. 

Polysaccharide. Periodic acid Schiff’s reagent (P.a.s.) by the method of McManus (1948). This 
demonstrates the 1:2-glycol linkage group (—CHOH—CHOH—) of carbohydrates, and thus 
stains glycogen, mucus, reticulin and basement membranes, some kinds of elastic tissue, fibrin 
and various substances of quite unknown composition. The sections fixed in 80% v/v alcohol, as 
for alkaline phosphatase, were found to be satisfactory. 

Histochemical technique for esterase. Nachlas & Seligman (1949). The tissues were fixed in ice- 
cold acetone and embedded as for acid phosphatase. (In fact, the same blocks were used for both 
techniques.) The sections, after removal of wax by xylol, were taken rapidly down through the 
alcohols into distilled water and were placed immediately in the substrate, which was freshly 
prepared according to the instructions. After 20 min. they were washed in running tap water and 
either mounted direct in glycerine jelly or lightly counterstained in Carazzi’s haematoxylin. The 
technique consists essentially of the splitting by the esterase of 8-naphthyl acetate buffered at 
pH 7-8 with the liberation of free 8-naphthol which forms a bright purplish red water-insoluble dye 
with naphthyl diazonium-1:5-naphthalene disulphonate. 


RESULTS 


The results comprise data taken from five different experiments in which 175 
embryos and 73 chicks were examined. The first experiment determined the 
approximate times at which the important events in development were oc- 
curring; the next two were the main comprehensive experiments; and the last 
two were to elucidate special points, such as the exact time at which lipid 
appeared in relation to the time of esterase activity, and to check on the late 
appearance of the acid phosphatase. 
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The histochemistry of the developing preen gland 

Development of esterase activity. The histochemical picture of development 
from the 13th day to hatching is dominated by the rise of esterase activity, so 
this will be described first. 

Esterase was first detected in the preen gland of a 7 g. embryo (13th day of 
incubation) in the cells lining the central cavity and in the central cells of the 
buds which are beginning to grow out from it. 

In the 13 g. embryo (15th day of incubation) this is pronounced enough to 
photograph under low power (PI. 1, fig. 1). Note that the peripheral cells and 
buds of the gland are free from esterase. 

Pi. 1, fig. 2, shows the esterase activity of the preen gland of a 21 g. embryo 
(17 days’ incubation). The esterase activity is spreading but the peripheral 
buds are still unstained. 

Pi. 1, fig. 3, the preen gland from a 31 g. embryo (20th day of incubation), 
shows the presence of secretion and an extension of the esterase activity. The 
zone of unstained peripheral buds is now small. 

Pl. 1, fig. 4, shows the preen glan at hatching. It is the site of the most 
intense esterase activity, the staining being so heavy that cellular detail is 
blotted out. The net weight of this chicken without crop and yolk sac was 38 g. 

After hatching, the esterase activity becomes gradually reduced to about the 
same level as that seen in the glycogen zone of the adult preen gland, but a 
narrow zone of intense activity remains around the periphery. This can be seen 
in Pl. 2, fig. 5, which shows the preen gland of a 14-day cock (net weight 98 g.). 
This observation is an important clue to the interpretation of the esterase 
activity, as will be seen below. 

of alkaline phosphatase activity. Two other changes in the preen 

gland must be linked with this sudden burst of intense esterase activity; a 

raised alkaline phosphatase activity which precedes it and an accumulation of 
Sudan stainable lipid which follows after it. 

Pl. 2, fig. 6, which shows the preen gland of a 13-5 g. embryo of 15 days’ 


incubation, that has been stained for alkaline phosphatase, should be compared 


with Pl. 1, fig. 1—the preen gland of an embryo, of similar size and incubation, 
stained for esterase. It will be seen that the peripheral growing buds stain 
strongly for alkaline phdsphatase, while the older portions which stain for 
esterase have lost their alkaline phosphatase. This is perhaps demonstrated 
more dramatically by a somewhat later stage, as in Pl. 2, fig. 7, which shows 
a preen gland from a 26-7 g. embryo of 19 days’ incubation showing strong 
alkaline phosphatase activity of the growing peripheral buds. This picture 
resembles so closely the photographic negative of the gland from the 21 or 
31 g. embryo stained for esterase activity as to leave no doubt that the de- 
veloping buds lose their strong alkaline phosphatase activity pari passu with 
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the development of the esterase activity. (The alkaline phosphatase activity is 
sufficiently intense to show up well after only 2 hr. incubation in the substrate. ) 

Development of Sudan stainable lipid. With regard to the transition of the 
preen gland from a collection of lipid-free cells staining well with cytoplasmic 
dyes to cells laden with lipid, the following features have been established. 

Before the 17th day the preen gland was translucent and very difficult to see 
with the naked eye, but when the embryos reached the weight of 20 g., about 
the 17th or 18th day of incubation, the gland became faintly yellowish white 
and opaque. At hatching it was distinctly yellow and could be seen with the 
greatest of ease. 

Staining with Scharlach R or Sudan black showed that lipid first appears in 
the lining of the duct in 17 g. embryos (16th day), and by the 21 g. stage on the 
17th day it was present in the lining of the central cavity and central tubules. 
It thus appeared distinctly later than the esterase (PI. 2, fig. 8). 

A preen gland taken from a chick of 36 g. net weight, on the day of hatching, 
showed considerable Sudan black stainable lipid (PI. 3, fig. 9). Similar results 
were obtained with the Scharlach R stained sections, but the fine lipoid 
droplets were not so easily seen. 

The argument that the sudden burst of esterase activity is associated with 
the first appearance of lipid in the cells is strongly supported by the ap- 
pearances shown in Pl. 2, fig. 5, where the peripheral tubules which are in the 
process of laying down lipid in their cytoplasm are the site of strong esterase 
activity. The central portions of the gland, which have already achieved their 
lipoid state, show only moderate esterase activity. 


The development of glycogen, acid phosphatase and osmic acid stainable lind 

Glycogen. The earliest preen glands identified, i.e. in embryos of 13 days of 
incubation weighing 7 g., show the flattened cells lining the central cavity 
already containing granules staining positive for polysaccharide by the periodic 
acid Schiff technique (P.a.s.). These grow more in evidence in the larger 
embryos, and are easily photographed in the 13-5 g. embryo (15th day of in- 
cubation) (Pl. 3, fig. 10). 

The picture is essentially the same in the 19-5 and 21 g. embryo (17th and 
19th day of incubation), except that the primary buds growing out from the 
central cavity are becoming canalized and show P.a.8. positive granules in the 
cells lining their lumen. 

It was noted that the epidermis and the feather anlage at these stages also 
contained P.A.s. positive granules. Salivary amylase tests show without doubt 
that this P.a.s. positive material is glycogen in the preen gland, the epidermis 
and the feather anlage. Very fine granules of glycogen are also seen in the stra- 


tum germinativum of the epidermis and in the basal layer of the preen anlage 
at the earliest stages. 
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It would thus appear that the preen gland shares with these other epidermal 
structures the characteristic of containing glycogen from the earliest develop- 
mental stages which can conveniently be observed. 

In 29-5-33 g. embryos (19th-20th day of incubation) glycogen is no longer 
found in the cells lining the central cavity but is found in cells progressively 
farther from the centre and nearer to the periphery of the tubule. PI. 3, fig. 11, 
shows this in progress. By 6-9 days after hatching (45-56 g.) the maximum 
glycogen content is found in the outermost cells of the tubule, as in the mature 
gland. 

Acid phosphatase. In the early embryos, the mesenchyme surrounding the 
preen gland stains strongly positive for acid phosphatase, but the cells of the 
preen gland itself do not stain except for the nuclei; however, this is what 
might be expected in young, actively growing cells. (Pl. 3, fig. 12, 12-13 g. 
embryo of 15 days’ incubation, block stained.) 

In the newly hatched chick and the day-old chick, 34-38 g., the secretion 
is beginning to stain strongly for acid phosphatase, and in the 2- and 
$-day-old chicks, 40-45 g., the cytoplasm of the cells bordering on the 
lumen of the tubules shows a positive reaction for acid phosphatase (Pl. 4, 
fig. 13). 

By the 7th day, 54 g., the central part of the preen gland is staining strongly 
positive for acid phosphatase (PI. 4, fig. 14). The phosphatase activity is strong 
enough to stain well after 6 hr. incubation in the substrate. 

Osmic acid stainable lipid. Lipoid droplets stainable with osmic acid also 
appear late—the earliest observed were in a 6-day-old chick of 45 g. They are 
more easily seen at 8 days (60 g.) (see Pl. 4, fig. 15). But even here they are not 
nearly so obvious as in the mature gland. 

It would thus appear that, although glycogen is present from the earliest 
stage observed, the association of glycogen, acid phosphatase and osmic acid 
stainable lipid, seen in the glycogen zone of the mature preen gland, does not 
appear to be fully established until a week after hatching, by which time, since 
the primary and secondary wing feathers are 4 cm. long, the primary coverts 
and greater wing coverts are present and the tail feathers are 1 cm. long, the 
preen gland may be expected to be functional. 

These findings are summarized in Table 1. 


The histochemical development of the feathers 
No direct attempt was made to study feathers; in fact, most of them were 
temoved so that they would not interfere with cutting the sections of the preen 
gland, but numbers of feather buds and feather shafts appeared in the sections, 
and the material was sufficiently extensive to follow the main outlines of their 
histochemical development. As this has points of similarity and contrast with 
the preen gland, it will be briefly discussed. 
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The feathers develop about the 9th day, so that the earliest stages could not 
be studied in this investigation, but, as the feathers in the tail region do not all 
develop at once, what probably corresponded to the early stages were observed. 
These early feather papillae are tent-shaped cores of mesenchyme cells covered 
with epidermis and sunk in shallow pits beneath the surrounding epithelium. 
The core of mesenchymal tissue shows strong alkaline phosphatase activity 
(++ +/2 hr.) and shares with the mesenchyme surrounding the preen gland a 
high acid phosphatase activity. 

Compared with the skin, the epithelium covering the feather papilla shows 
some increase in the alkaline phosphatase, which in the skin is of low activity. 
Acid phosphatase activity is also increased in the epithelium of the feather papilla, 
the normal epidermis showing staining of the nuclei of the stratum germina- 
tivum and slight staining of the stratum granulosum and keratinized layers. 

The epithelium covering the feather papilla does not seem to differ from the 
normal epidermis with regard to its glycogen staining. At a slightly later stage 
of feather development, where the epithelium lining the feather follicle meets 
that covering the feather papilla, it becomes thickened to form the collar which 
is the growing zone of the feather (Lillie, 1942), rapidly dividing to form the 
columns of cells which comprise the shaft of the feather. Transverse sections of 
the feather shaft show these columns assuming a pyramidal shape so that the 
central mesenchymal core resembles a toothed wheel. Many cells in these 
triangular columns of epithelium show granules of glycogen. A longitudinal 
section of the feather shaft at this stage is very striking, showing the epidermal 
cells in these columns placed end to end in long rows and with large granules of 
glycogen in their cytoplasm (PI. 4, fig. 16). Farther out from the feather root 


surrounding a cell containing glycogen but later just a whorl of keratin which, 
when released from the epithelium encircling the feather shaft, will fan out to 
form a feather barb. This stage, in which glycogen-laden cells are forming keratin, 
is accompanied by considerable acid phosphatase activity +/6 hr., + +/24hr., 
but the mesenchymal core shows the most activity, + + +/6hr., + + + +/24hr. 

The feather shaft outside these columns is surrounded by stratified squamous 
epithelium, the cells of which in the early embryos, 6-13 g., show some glycogen 
in the stratum granulosum layer and at a later stage become keratinized. 

The stratum granulosum layers of the epidermis of the feather follicle, 
feather papilla and feather shaft also stain for esterase, from the 6-5 g. (13th 
day) embryo stage onwards. Fine drops of lipid stainable with Sudan black 
could be detected in these layers at the 15 g. (16th day) stage. 

In addition, a few cells in the region of the feather collar show a heavy 
deposit of numerous fine lipoid drops stainable both with Sudan black and osmic 
acid. 
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Comparison of the development of the preen gland 
with that of the epidermis and the feathers 

Glycogen, esterase, lipid, acid phosphatase and alkaline phosphatase are all 
present in greater or less amounts in epidermis, preen gland and feathers at 
certain stages of their development. 

Glycogen. This is present in the flattened cells lining the preen gland from 
the 6 g. embryo onwards; it appears also in the stratum granulosum and in 
smaller amounts in the stratum germinativum of the skin. After the 21 g. 
embryo (17th day) stage the glycogen in the stratum granulosum becomes 
increasingly difficult to demonstrate, whilst in the preen gland glycogen re- 
mains as a readily demonstrable constituent of the cells in the appropriate 
zone. In the feather, cells rich in glycogen, staining as large granules, appear 
in the rapidly proliferating epidermal cells of the feather shaft. Farther out 
from the feather root these cells lose their glycogen as they become transformed 
into whorls of keratin. 

Esterase. Esterase, which appears about the 7 g. embryo (13th day) stage in 
the preen gland and remains as a prominent constituent of the glycogen zone, 
appears at the 20 g. embryo (17th day) stage in the prickle cell layer of the skin. 
In the feather, esterase activity is seen as early as the 6-5 embryo (13th day) 
stage in the stratum granulosum layers of the epidermis of the feather follicle, 
feather papilla and feather shaft. 

Inpid. Fine droplets of Sudan black stainable lipid appear first in the 
stratum granulosum cells of feather papilla, follicle and shaft (15g. embryo, 
16 day stage), then in the preen gland (17 g. embryo, 16 day) and still later 
in the prickle cell layer of the skin (20 g. embryo, 17 day). A curious feature 
is the appearance in the feather collar of a few cells full of fine droplets of lipid 
which stain conspicuously with Sudan black and osmic acid. 

Alkaline phosphatase. Alkaline phosphatase, which appears in high concentra- 
tion in the actively growing buds of the tubules of the developing preen gland but 
is almost entirely absent from the adult gland, shows only low activity in the 
skin, rather stronger activity in the epithelium covering the feather papillae, 
but intense activity in the mesenchymal core of the early feather papillae. 

Acid phosphatase. High acid phosphatase activity is present from the 40 to 
45 g. (2-3 days after hatching) stage onwards in the cells of the glycogen zone 
of the preen gland. The stratum granulosum and keratinized layers of the skin 
and the nuclei of the cells of the stratum germinativum show only a low con- 
centration. A high acid phosphatase activity is found in the mesenchymal core 
of the early feather papilla, and the keratinizing zones forming the feather 
barbs also show considerable activity. 

To sum up, it would seem that the skin shows all the histochemical features 
of the preen gland but only to a moderate extent. Glycogen appears in its 
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stratum granulosum before the production of keratin; there is also some acid 
phosphatase activity and a slight amount of alkaline phosphatase. Esterase 
and lipid appear at about the time that the skin is keratinizing. 

The development of the feather papilla is accompanied by an increase in the 
alkaline and acid phosphatases in its covering epithelium and an intense 
activity of both these enzymes in the mesenchymal core. The very active kera- 
tin production necessary for the formation of the feather barbs is preceded by 
an equally striking accumulation of glycogen in the columns of epithelial cells 
from which they are developed. 

There is moderate esterase activity in the stratified coverings of feather 
follicle and feather shaft, beginning at about the same time as its first appearance 
in the preen gland, but never reaching anything approaching the same intensity. 

In the preen gland, on the other hand, the early stage of development is 
marked by the presence of glycogen of the same order as that in the skin. Then 
there is a phase of alkaline phosphatase activity followed by the development 
of intense esterase activity, which in its turn precedes the laying down of large 
quantities of lipid in the cells. 

At a later period, after hatching, the glycogen zone develops its distinctive 
combination of glycogen, ‘cellular’ acid phosphatase and osmic acid stainable 
lipid. This is believed to be concerned with the etree RS of a second and 
distinct type of lipid. 


The comparison of the preen gland with the sebaceous gland of the dog 
This was not specifically investigated, but sections of the mammary glands 
of a bitch, which died of rupture of the uterus during parturition, showed 
excellent examples of sebaceous glands in the skin. Histologically the sebaceous 
glands resembled closely the ‘sebaceous’ zone of the preen gland, a similarity 
which had been noted by Kossmann (1871). 

Histochemical techniques failed to demonstrate any glycogen. Esterase 
activity was very strong in the young cells in the outer portion of the gland, 
and much less marked in the central lipid-containing cells. Only the very 
young flattened cells in the periphery of the gland showed any alkaline phos- 
phatase activity, but in these it was strong—+ + +/2 hr. Johnson, Butcher & 
Bevelander (1945) noted alkaline phosphatase activity in the sebaceous glands 
of mice. Acid phosphatase activity was somewhat more widespread, appearing 
strongly in the outer growing cells, + + +,/6 hr. to + + + +/24 hr., but staining 
only the nuclei of the central lipid-laden cells. 

There are points of similarity here between the dog’s sebaceous gland and 
the developing preen gland of the chick prior to hatching, particularly with 
regard to the esterase and alkaline phosphatase activity. It should also be 
noted that the peripheral actively growing buds of the preen gland do show some 
acid phosphatase activity, besides the intense alkaline phosphatase activity. 
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| The presence of esterase in the fat depots 

Considerable subcutaneous fat is laid down in the mesenchymal tissue sur- 
rounding the preen gland. This commences at an early stage. Droplets of 
Sudan black stainable lipid occur in groups of mesenchyme cells in the 13 g. 
embryo of 15 days incubation. These also stain well with the osmic acid techni- 
que. By the 18 g. stage (17 days incubation) the fat droplets occupy the whole 
cell and the typical pattern of adipose tissue is present. 

At the 6-7 g. stage, 13-day embryos show a few nests of cells with fine 
esterase granules in the mesenchyme. A difficulty naturally arises in identifying 
these, as cells which will subsequently form adipose tissue, but the supposition 
is that there is a moderate appearance of esterase in the cells before fat is laid 
down. If this is so, the esterase activity is small compared with the intense 
esterase activity which precedes the appearance of lipid in the preen. It was 
impossible to identify any accumulation of glycogen in cells which subsequently 
became adipose tissue, although the presence of occasional glycogen granules 
in the mesenchyme surrounding the preen gland does not preclude this possi- 
bility. It has already been noted that the primitive undifferentiated mesen- 
chyme cells stain strongly for acid phosphatase. At hatching, the cytoplasm of 
established adipose tissue still stained fairly strongly for acid phosphatase. 
No special alkaline phosphatase activity was noted in relation to adipose 
tissue. 


DISCUSSION 

Comparison of the histochemistry of developing hair and feathers 
Johnson et al. (1945) found abundant alkaline phosphatase in the mesodermal 
papillae of rapidly growing hairs in mice. Their excellent photographs show 
great similarity to our sections of feather papillae at comparable stages. 

Hardy (1949) also noted that alkaline phosphatase was always present in the 
dermal papillae of active follicles, and that it was absent in the resting state. 
She also noted that the outer root sheaths of the active follicles contained 
glycogen. 

Ellis, Gillespie & Lindley (1950), working with wool roots of sheep’s skin, 
however, claim that alkaline phosphatase is concentrated mainly in the root 
sheath with smaller amounts in the root cells, but very slightly if at all in the 
papilla. (This observation does not tally with the findings above unless the 
wool roots were not in an active stage of growth.) 

Ellis e al. report that there is some evidence that alkaline phosphatase in 
the root sheath may occur in the highest concentration near the zone of kera- 
tinization, They note that acid phosphatase is absent from the wool root 
sheath but is present in the shaft of the root in the vicinity of the zone of 
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keratinization. This would fit in well with our observations on the activity of 
acid phosphatase in the region of keratinization of the feather barbs. 

Ellis et al, also find a highly active esterase in wool roots which will hydrolyse 
simple esters such as methyl butyrate and ethyl acetate but which is not active 
against fats, even in the presence of emulsifying agents. This esterase would 
appear to have similarities to preen gland esterase and might suggest that the 
esterases found histochemically in our sections in preen, skin and feathers are 
similar in their range of substrate specificity. 


Comparison of sebaceous zone and glycogen zone 

The glycogen zone of the mature preen gland contains glycogen in the peri- 
pheral cells of the tubules with marked acid phosphatase activity in these cells 
and also marked esterase activity. These cells differentiate into cells full of 
lipid stainable by the prolonged osmic acid technique. 
Such a zone is not fully developed until 7 days after hatching. It is obvious 
that the preen gland prior to hatching, while it contains glycogen, has more in 
common with the sebaceous zone of the adult gland, and that the histochemical 
evidence is in favour of the sebaceous zone developing first. This might argue 
in favour of its being the more primitive in evolution. 
The researches of many previous investigators from Kossmann (1871) to 
Paris (1913) all emphasize the importance of the preen gland as a source of oil to 
render the feathers impermeable to water. H.C. Hou (1928, 1929, 1930) brought 
forward evidence that the preen gland secretion contained provitamin D. We 
thus have two functions for this organ which it may be possible to separate. 
The large and highly developed preen gland of aquatic birds is clearly as- 
sociated with their requirements for an oily secretion to render their feathers 
impermeable to their watery habitat. It is significant in this respect that the 
sebaceous zone of the duck’s preen gland is very large and that it has high 
esterase activity, demonstrated both by histochemical staining and by the 
high esterase activity of the preen homogenate. This would indicate a rapid 
production of lipid by the sebaceous zone and would be in keeping with the 
intense esterase activity of the chick’s preen gland prior to hatching which 
precedes the replacement in the cells of much of their cytoplasm by lipid. This 
suggests the hypothesis that the sebaceous zone is responsible for the pro- 
duction of lipid to oil the feathers. It prompts us to ask the question: can the 
function of the glycogen zone be the production of the provitamin D? This 
question can only be answered by further work upon the nature of the lipids 
produced by this organ. Work has just begun upon this problem, but much 
further work will be needed before this question can be answered. 
Another aspect of the problem which must also be decided by further work 

is whether the esterase associated with the first burst of lipid synthesis in the 
developing preen gland is identical with the esterase of the adult gland. 
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SUMMARY 


1. The development of the preen gland of the chick was studied from 13th 
day of incubation until 14 days after hatching, by histochemical techniques, for 
glycogen, lipid, esterase and the acid and alkaline phosphatases. 

2. Prior to hatching, the cells of the developing gland go through three 
phases: (a) a phase of strong alkaline phosphatase staining, (b) a period of 
intense esterase activity, (c) the appearance of Sudan stainable lipid in the 
cells. 

3. Although glycogen is present in the cells lining the central cavity of the 
gland from the earliest stages, the development of the combination of glycogen, 
acid phosphatase and osmic acid-stainable lipid (which is characteristic of the 
glycogen zone of the mature gland) does not appear until after hatching and is 
not complete before the 7th to 10th day. 

4. The histochemistry of the preen gland is compared with that of the 
developing feathers and the skin of the chick. A brief comparison is made 
between the preen gland of the fowl and the sebaceous gland of a dog. 

5. The functional significance of the two zones in the preen gland is discussed 
in the light of their development. 


We are deeply indebted to Prof. H. R. Dean and Prof. F. G. Young for their stimulating interest 
and helpful advice, and to Dr M. G. M. Pryor and Mr J. R. G. Bradfield for advice on the problem 
of feathers; to Miss E. B. Dunkerley, of the Department of Biochemistry, who prepared the 
reagents for the esterase technique, and Prof. R. A. McCance, of the Department of Experimenta! 
Medicine, who provided the material from the dog; to Mr E. M. L. Beale, of Trinity College, for 
statistical analysis of chicken weights, and to Miss Jean Cook for technical assistance, and Mr S. 
Patman for photography. 
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EXPLANATION OF PLATES 


All photographs show a magnification of 64 with the exception of figs. 10, 11, 15 and 16. 
Prats 

Fig. 1. First appearance of esterase in the preen gland of chick embryo; 13 g. (15th day of incuba- 
tion). 

Fig. 2. Preen gland of 21 g. embryo (17th day of incubation). Esterase well established, but the 
terminal buds are quite free from esterase. 

Fig. 3. Preen gland of 31 g. embryo (20th day of incubation). Esterase reaction more intense than 
in 21 g. embryo and secretion is beginning to appear. 

Fig. 4. Preen gland of 38 g. chick (just hatched). The esterase activity is intense. 


PLaTE 2 
Fig. 5. The preen gland 14 days after hatching. The central portion of the gland (glycogen zone) 
stains moderately well for esterase. The cells of the peripheral tubules in which cytoplasm is 
being replaced by lipid are staining intensely for esterase. 

Fig. 6. 13-5 g. embryo (15th day of incubation). Alkaline phosphatase (24 hr.) shown in peripheral 
growing buds of the preen gland and in the feather anlage. Compare with PI. 1, fig. 1. 
Fig. 7. 26-7 g. embryo (19th day of incubation). Peripheral buds stain strongly for alkaline phos- 

phatase. Compare with Pl. 1, figs. 2 and 3. 
Fig. 8. 24-4 g. embryo (17th day of incubation). Lipid is present in the cells of the duct and central 


cavity of the preen gland and is beginning to form in the cells lining the larger tubules. Note 
also the staining of fat depots. Sudan black. No filter. 


3 

Fig. 9. 36 g. chick (just hatched). Preen gland showing lipid in secretion and the central cells of 
the tubules. Sudan black, carmalum. 

Fig. 10. 13-5 g. embryo (15th day of incubation). Glycogen shown in the cells lining the cavity of 
the preen gland. p.a.s. light green stain. Green filter. x 280. 

Fig. 11. Preen gland from 34-7 g. chick (1 day after hatching). The glycogen containing cells are 
mid-way between the embryonic and the mature positions in the glycogen-zone tubule. P.a.s. 
light green stain. Green filter. x 380. 

Fig. 12. Preen gland from 13 g. embryo (15th day of incubation). Shows strong acid phosphatase 
staining in the surrounding stroma but very little in the preen gland. Block stained for acid 
phosphatase. Neutral red counterstain. 


PuLaTE 4 

Fig. 13. Preen gland from 41-8 g. chick (2 days after hatching). Shows acid phosphatase activity 
beginning to increase in the cells and secretion. Acid phosphatase staining (24 hr.). Neutral 
red counterstain. 

Fig. 14. Preen gland from 54 g. chick (7 days after hatching). Shows intense acid phosphatase 
staining in the cells and secretion of the glycogen zone. Acid phosphatase staining (6 hr.) 
Neutral red counterstain. 

Fig. 15. Preen gland from 60 g. chick (8 days after hatching). Shows the first appearance of osmic 
acid stainable lipid near the lumen of the tubule in the glycogen zone. Osmic acid and neutral 
red stains, x 380. 

Fig. 16. 2-day old chick. Longitudinal section of a feather shaft showing rows of cells full of 
glycogen. P.a.s. light green stains. x 850. 
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A STUDY OF THE REGULATION OF THE RATE OF 
URINARY AMMONIA EXCRETION IN THE RAT 


By EDWARD B. FERGUSON, Jr.* 
From the Department of Experimental Medicine, University of Cambridge 
(Received 11 May 1950) 


There is still disagreement about the mechanism which controls the rate of 
ammonia excretion by the kidney. According to the classical view (Peters, 
1935; Gamble, 1942) urinary ammonia formation is increased during a systemic 
acidosis and conserves the organism’s store of fixed base. The effective stimulus 
causing this increase in ammonia production is generally thought to be some 
change in acid-base composition of the plasma. Evidence for an alternative 
hypothesis was presented originally by Briggs (1934). From the results of 
experiments which involved the administration of sodium sulphate and of 
potassium chloride he concluded that the acidity of the urine determined the 
rate of ammonia formation. More recently, Wolf (1947) has found ammonia 
formation to be more closely related to urinary pH than to any other physio- 
logical variable studied. 

Under most conditions a change in the composition of the plasma towards 
a state of acidosis or alkalosis is immediately reflected by a corresponding change 
in the urine. Any procedure which produces an independent or discordant 
variation in the plasma acid-base balance and the urinary pH should help to 
decide between the above hypotheses. Pitts & Alexander (1945) have demon- 
strated that the renal tubular cells must actively transfer hydrogen ions into 
the urine in order to account for the observed maximal titratable acidities. 
Moreover, they concluded that the only source of hydrogen ions large enough 
for this operation is the carbonic acid of the cells and tissue fluids. This con- 
ception receives support from the observations that (1) carbonic anhydrase 
occurs in the renal cortex (Davenport & Wilhelmi, 1941), (2) sulphonamide 
inhibitors of carbonic anhydrase cause a decrease in urine acidity (Hdber, 1942; 
Pitts & Alexander, 1944). As would be expected, this induced decrease in urine 
acidity results in the simultaneous development of a systemic acidosis (South- 
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worth, 1937). This phenomenon has been used to obtain additional evidence on 
the problem of the regulation of ammonia formation. 

The present communication reports the effect of variations in urinary pH 
induced by a carbonic anhydrase inhibitor on the ammonia production of rats. 
For comparison, the urinary pH and ammonia production were determined 
during an acute systemic alkalosis produced by administration of sodium 
bicarbonate or sodium carbonate. The compound p-sulphonamidobenzoic acid 
(NH,SO, — C,H, —-COOH) was employed as the inhibitor because of the 
strength of its antagonism to carbonic anhydrase in the presence of tissue 
homogenates (Krebs, 1948). 

METHODS 

General procedure. Eight adult female rats, ranging from 175 to 306 g. in weight, were used in the 
reported experiments. Without special preparation an animal was removed from the colony on the 
morning of an experiment. Under light ether anaesthesia a 4F ureteric catheter was introduced 


into the bladder and the rat was placed in a tubular holder for the duration of the experiment. 
A few minutes after recovery from the anaesthetic, the animal was given 5-8 ml. of fluid (according 


- to body weight) by stomach tube. This consisted of approximately 0-1-0-2 g. of p-sulphonamido- 
benzoic acid suspended in water in the five experiments in which carbonic anhydrase was inhibited. 


The fluid administered to the three rats in which a systemic alkalosis was induced was 0-154 
u-NaHCO, in the first, 0-072 m-Na,0O, in the second, and 0-20 m-Na,CO, in the third. The exact 
doses are given in Tables 1 and 2. A 150 W. lamp was placed about 6 in. above the holder to prevent 
chilling, and the animal’s eyes were shielded from the light. 

Technique of catheterization. Approximately 0-30 ml. of water-soluble lubricant (KY jelly) was 
introduced into the urethra and bladder, using a tuberculin syringe with a blunt needle. This was 
easily accomplished by holding the lips of the urethral papilla snugly around the needle tip with 
the thumb and forefinger of the left hand while operating the plunger with the right. A small slit 
was then made in the urethral papilla and excess lubricant wiped away with cotton-wool. The 
opening of the urethra into the papillary sinus could then be directly visualized. A nickel-chrome 
wire fitted with a blunt glass tip made from capillary tubing was gently inserted into the urethra 
and advanced until the dome of the bladder was reached. The 4F catheter was threaded over the 
wire, and with the latter serving as a guide the catheter was advanced into the bladder. Nupercaine 
ointment was applied to the urethral opening and the catheter sutured in place with cotton thread. 
Withdrawal of the wire caused the glass tip to fall free into the bladder. After replacing the rat 
in the holder, the bladder was washed out with saline until the lubricant could no longer be detected 
in the washings. 

Urine collections. The lower end of the catheter led into a small tube surrounded by ice. As soon 
as the diuresis started, usually in about 60-90 min., the bladder was washed out with three to five 
successive volumes of 0-15~0-20 ml. of 0-9% (w/v) NaCl and the first collection period started. At 
the end of each collection period of 30-60 min., the bladder was similarly washed out. From three 
to six collections were obtained from each rat. 

Urine pH determinations were carried out by means of a Stadie glass electrode system and a 
Cambridge pH meter. Carbon dioxide loss was minimized by keeping the samples undisturbed 
at 0°C. and by performing the determination immediately after each collection period. The 
temperature at which the pH determinations were carried out varied from 17-5 to 20-5° C. 

Ammonia estimations. All bladder washings, together with the total urine sample and several 
washouts from the glass electrode system, were placed in a 50 ml. volumetric flask with 2 ml. of 
1-4 y-HCl, diluted to 50 ml. and stored at approximately 4° C. until the ammonia estimations were 
performed. These were carried out with 1 or 2 ml. aliquots in standard Conway units, using the . 
phenate-hypochlorite method of Russell (1944) and a Spekker photoelectric 
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Expression of results, At the end of each experiment the rat was killed by a blow on the head. 
Both kidneys were then removed, decapsulated and weighed. Before these experiments began, 
dissection of two kidneys and separate weighings of the cortex and medulla showed that 76% by 
weight of the entire kidney was cortex. The weight of the cortex in each experiment was estimated 
by multiplying the weight of both kidneys by a factor of 0-76. Ammonia nitrogen has been expres- 
sed as wg. formed per hour per gram of moist cortex. : 


RESULTS 
The experiments with an inhibitor of carbonic anhydrase 

There were five experiments (see Table 1) in which the rats were given an 
aqueous suspension of p-sulphonamidobenzoic acid into the stomach by means 
of a rubber catheter. The dose ranged from approximately 40 to 90 mg./100 g. 
of rat. Since this material was in suspension and a variable amount remained 
within the catheter, the dosages listed are only approximate. It was the rule 
in these experiments for the urine samples to show the highest pH during the 
first periods of diuresis, with a progressive lowering of pH thereafter. In 
general, the larger doses produced a pH elevation of greater degree and dura- 
tion than did the smaller ones. Fig. 1 illustrates how the ammonia production, 
which is represented by the solid dots, decreased as the pH was elevated by the 
inhibitor of carbonic anhydrase. 


TasLE 1. Details of the five experiments in which the carbonic anhydrase 


inhibitor p-sulph benzoic acid was administered 
ofurine Approx. dose of 
Weight of ml. Range of urine 

t in 1 .-/100 g. mg./100 g. 
Exp. rat (g.) g. of rat of rat sf rat pH 
1 222 2-7 0-23 90 7-62 
0-41 7-95 
2 238 2:3 0-18 40 6-69 
0-35 7-76 
3 210 2-7 0-16 70 6-84 
0-23 8-02 
4 233 2-4 0-20 40 6-28 
0-49 6-66 
5 244 3-1 0-21 65 7-18 
0-37 7-97 


Although plasma analyses were not performed, it is reasonable to assume 
that the animals developed some degree of systemic acidosis during those 
experiments in which a very alkaline urine was excreted. 


The experiments in which an alkali was administered 


In order to obtain a series of urine samples with a spread in pH values 
similar to that observed in the above experiments, alkalinizing solutions of 
varying concentration were given by stomach tube. The solution contained 
sodium bicarbonate in Exp. 6, and sodium carbonate in Exps. 7 and 8, with a 
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variation in total dose of 0-40-1-04 m.equiv. of alkali/100 g. of rat. This was 
administered in a fluid volume comparable to that used in the experiments 
with p-sulphonamidobenzoic acid. 
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Fig. 1. Showing the excretion of ammonia nitrogen in yg. per hr. per g. of renal cortex as a function 
of urinary pH. The solid dots (@) represent collection periods after administration of p-sul- 
phonamidobenzoic acid. The open circles (©) represent collection periods after administration 
of an alkali. 
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It will be noted (Table 2) that there was no overlapping of urinary pH values 
in the three experiments, and that the animal which received sodium bi- 
carbonate (Exp. 6) continued to excrete an acid urine during three collection 


TaBLE 2. Details of the three experiments in which sodium bicarbonate (Exp. 6) 
or sodium carbonate (Exps. 7 and 8) was administered 


Volume of fluid of urine Dose of 
given in ow in alkali in 
Weight of ml./100 g. ml. /hr./100 g. of 
Exp. rat (g.) of rat of rat 

6 241 2-7 0-12 yi 
0-24 

7 306 2-6 0-29 1-04 7-70 
0-62 8-00 

8 175 2-9 0-30 0-40 6-56 
1-10 7-05 


periods. Undoubtedly the rat of Exp. 7 was in a state of systemic alkalosis 
with urine pH values of 7-70-8-00. The open circles in Fig. 1 give the variations 
in ammonia excretion as a function of urinary pH. The similarity in the dis- 
tribution of these points to those obtained in the experiments with an inhibitor 
of carbonic anhydrase is apparent. 
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DISCUSSION 


The data presented are in conformity with the conclusion of Wolf that the rate 
of ammonia excretion is primarily correlated with urinary pH. This correlation 
might a priori be due to some change within the cell determined by the level of 
activity of the mechanism for transferring hydrogen ions into the lumen. On 
the other hand, it may be due to the circumstance suggested by Briggs (1934) 
that the acidity of the urine in the tubular lumen, i.e. outside the cell, provides 
the effective stimulus to ammonia formation. Evidence which favours the 
latter view is provided by an experiment of Pitts & Alexander (1944). These 
workers measured urinary ammonia excretion in an acidotic dog before and 
during the intravenous infusion of a phosphate buffer solution. As the con- 
centration of phosphate buffer in the glomerular filtrate increased, the pH of 
the urine rose, and so did the output of titratable acid (expressed in millimoles 
per minute), the latter being an index of the activity of the mechanism for 
transferring hydrogen ions into the urine. There was a fall in the rate of ammonia 
production indicating the primary importance of the intensity factor of urinary 
acidity. | 
It should be pointed out that the concept that ammonia formation helps to 
prevent the loss of fixed base during states of acidosis is not invalidated because 
the rate of ammonia production is determined by the pH of the urine. Anions 
can only be excreted in combination with hydrogen ions, fixed base and am- 
monia. The process of transferring hydrogen ions has quantitative limitations 
(Pitts & Alexander, 1944), and any excess of anions beyond this limit which 
require excretion must be accompanied by fixed base unless ammonia is 
substituted. A state of acidosis likely to be encountered outside the laboratory 
calls for the excretion of more anions but lowers the pH of the urine at the same 
time and thus stimulates the formation of ammonia to be excreted with them. 
Folling’s (1929) detailed study of an acidosis induced by ammonium chloride 
shows that urinary acidity is not the sole determinant of the rate of ammonia 
formation. On successive days following the ingestion of this acidifying salt, 
the ammonia excretion showed a continued rise without any corresponding 
increase or even with a decrease in the titratable acidity. This is true even if one 
takes into account the theoretical maximal acidity within the tubules before a 
possible partial neutralization by ammonia. Titratable acidity can be considered 
an index of urinary pH in Folling’s experiment because his data show no ap- 
preciable change in the principal urinary buffer, i.e. inorganic phosphate. 
With the administration of an inhibitor of carbonic anhydrase to an experi- 
mental animal a condition is induced which is analogous to the clinical syn- 
drome described by Lightwood (1935) and by Albright & Reifenstein (1948). 
These patients show an impaired ability to elaborate an acid urine and display 
a chronic acidosis. Albright & Reifenstein have called attention to the fact 
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that they also excrete less ammonia than would be expected from the degree 
_ of systemic acidosis which is present. In a metabolic study of one of their 
patients these authors demonstrated that ammonia excretion did rise when 


urinary acidity was increased during an acidosis of even greater severity. If 
it is admitted that the urinary pH controls ammonia formation, then one can 
te that these patients are suffering from one defect in the metabolism 
of the distal tubular cell, rather than two, one involving acid formation and 
the other ammonia production. 
SUMMARY 


1. Urinary ammonia formation has been thought to be controlled by either 
(a) the acid-base composition of the plasma, or (b) the acidity of the urine. 

2. By administration of an inhibitor of renal carbonic anhydrase these two 
factors have been made to vary discordantly, and further evidence was obtained 
about which one determines the rate of ammonia formation. 

3. Urinary pH was elevated in rats by (a) giving p-sulphonamidobenzoic 
acid, and (b) the induction of a systemic alkalosis with NaHCO, or Na,CQ,. 
Ammonia excretion remained a function of urinary pH in both groups of experi- 
ments. 

4. The pH of the urine, i.e. the intensity of acidity, controls the amount 
of ammonia formed by the tubular cells per hour, but subsidiary factors must 
come into operation in certain circumstances. 

I wish to thank Prof. R. A. McCance and other members of the Department of Experimental 


Medicine for their help and encouragement during the course of this investigation. The p-sulphon- 
amidobenzoic acid was kindly supplied by Dr Gerhard Hecht of the Farbenfabriken Bayer, in 


Wuppertal-Elberfeld, Germany. 
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OBSERVATIONS ON A CENTRAL DILATOR ACTION 
OF ADRENALINE IN MAN 


By H. J. C. SWAN 


From the Sherrington School of Physiology, St Thomas’s Hospital 
Medical School, London, 8.E. 1 


(Received 26 May 1950) 


In the human subject the administration of adrenaline almost always causes 
pallor of the skin. If the adrenaline is given as a continuous intravenous 
infusion pallor occurs rapidly, but disappears a short time after the infusion 
has been discontinued. Koehler, Marsh & Hill (1937) reported a rise in skin 
temperature following infusions of adrenaline in normotensive and hypertensive 
human subjects. Barclay, Cooke & Kenny (1947) noted that the stage of 
pallor is frequently succeeded by facial flushing. This has also been commented 
on by Allen (1946) and Green, Johnson, Lobb & Cusick (1948). Green e¢ al. 
found that continuous intravenous infusions of adrenaline at high dosage in 
normal and in hypertensive subjects were followed by a fall in blood pressure 
which occurred 3-5 min. after the infusion had been discontinued. They also 
noted that an ‘intense flushing of the face’ coincided with this hypotension. 
However, as a result of certain tests for autonomic function they concluded that 
vasomotor tone was not entirely abolished during this phase. Hyman & 
Mencher (1943) and Muntz, Ritchley & Gatch (1947) point out that the pallor 
during a paroxysm of hypertension due to a phaeochromocytoma is succeeded 
by flushing; the latter workers also report that a patient suffering from such 
a condition experienced a sensation of warmth after the paroxysm had passed 
off. Acute hypotension following removal of these tumours is a major problem 
in the surgical treatment of this condition. 

Plethysmographic studies in man have shown that infusions of adrenaline 
cause @ diminution in the flow of blood through the hand (Kunkle, Stead & 
Weiss, 1939; Allen, 1946). Swan (1950), in a brief communication, claimed 
that shortly after the end of intravenous infusions there is a transient increase 
in blood flow through the normal hand. This did not occur in a sympathecto- 


mized hand, nor, indeed, in a normal hand following intra-arterial infusion of 
adrenaline. 
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In view of the degree of spontaneous variation in the flow of blood through 
the human hand, care must be taken not to attribute normal fluctuations in 
vasomotor activity to changes induced by a preceding event. The present paper 
is an attempt to establish accurately the response of the hand blood flow after 
infusions of adrenaline, and to interpret as far as possible the results obtained. 


METHODS 


The subjects of the earlier work (Swan, 1950) were selected from a large group of people of differing 
ages and both sexes. Subjects who showed very labile resting blood flows, or in whom there was 
a high initial rate of flow, were considered unsuitable for that series. The normal subjects of the 
present series were selected from a group of forty-three members of a class of sixty medical students 
who had expressed their willingness to act as subjects for th doth riments. The forty-three 
students were numbered and then selected by reference to a table of random numbers. Every 
person witnessed an experiment before he himself was called on to act as a subject, and was told 
of the symptoms which might be experienced. This was considered to minimize psychological 
influences when he was the subject. 


A 
Fig. 1. The male and female metal adaptors, A and D, are connected by a | in. piece of 8 EA gauge 


Jaques catheter, B, to the polythene tubing, C. The rubber-metal and rubber-polythene 
connexions are sealed with rubber cement. 


The experiments were performed between December and April in a laboratory thermostatically 
maintained between 20-5 and 21-5° C. The subject came to the laboratory usually after his class 
work, removed his jacket and lay comfortably on a couch. If it was proposed to give an intravenous 
infusion, a plethysmograph (Barcroft & Edholm, 1943) was fitted to the (R) hand and a sphygmo- 
manometer cuff applied to the (L) arm. If an intra-arterial infusion was to be done plethysmographs 
were fitted to both hands. In every case the plethysmograph was filled with water at 33° C., after 
which the subject rested for 30 min. 

Intravenous infusions in normal and in sympathectomized subjects. The procedure described by 
Barcroft & Konzett (1949) was followed, excepting that a modified form of connecting polythene 
tubing, suggested by Dr V. Rubio, was adopted. Fig. 1 shows the essential structure of these tubes. 
Where slight distensibility is of no consequence their use has the advantage of enabling selection 
of needles to be made just before use. Moreover, these connecting tubes can be easily handled. 
They may be sterilized by boiling and are then stored until required in a plastic tube containing 
formaline tablets. 

Intra-arterial infusions in normal subjects. The (R) brachial artery was palpated as it lay medial 
to the biceps tendon, and its direction and depth estimated as accurately as possible. A small area 
of skin 1-2 in. distal to the point where the artery could be most easily palpated was anaesthetized 
with a little novocain. Next the subcutaneous tissue and arterial wall was infiltrated using 0-5 to 
10 c.c. 4% novocain. Then a sharp intramuscular needle was connected by the catheter described 
above to a 50 c.c, saline-filled syringe driven by a constant-speed infusion apparatus. The system 
was filled with saline and the needle pushed obliquely through the anaesthetized skin to penetrate 
the brachial artery at its most superficial point. As soon as the artery had been entered bright red 
blood was seen gushing into the polythene tubing and an infusion of saline was immediately started 
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Of the ten subjects who underwent this procedure none complained of pain, and the majority 
were unaware that the vessel had been entered. No attempt at arterial puncture was unsuccessful! 
in this series. 

At this stage the subject was once more informed of the sort of symptoms he might expect to 
feel, and was told that should he experience excessive symptoms, the experiment would be dis- 
continued if he desired it. This request was never made. Blood-flow measurements, and in subjects 
undergoing intravenous infusions blood-pressure readings, were then commenced. Flows were 
taken at about 2 min. intervals for the next 10 min., by which time any effects caused by insertion 
of the intravascular needle were considered to have passed off. Blood flows were measured at 
+ or 1 min. intervals for the next 10 min. This second period was taken as the control or basal 
period. After a further minute an infusion of adrenaline in saline was given for exactly 3 min., 
after which the saline infusion was continued for a further 20 min. Blood-flow measurements 
continued to be made at } or 1 min. intervals during this period. The average level of flow during 
the control period was calculated and compared with the average of the flows obtained from the 
third to the thirteenth minute after the end of the infusion of adrenaline. The minute preceding 
the infusion was excluded from the control period, as subjective changes might have resulted from 
the changing of the syringes in the infusion apparatus. The 3 min. immediately succeeding the 
infusion were also excluded because some adrenaline might still be acting locally in the hand. 

The plethysmograph temperatures were adjusted to 33° C. a few minutes before the control 


period. No further adjustment of temperature was made subsequently, and the plethysmograph 
temperature siowly fell to about 32° C. Since in the intravenous experiments a vasodilator effect 


has been demonstrated, any fall in temperature would tend to decrease rather than exaggerate this 
effect. 


RESULTS 
A. Intravenous infusions in normal subjects 

A group of twelve normal subjects received an infusion of 20 ug. adrenaline for 
3 min., as exemplified in Fig. 2. Following the infusion of adrenaline a transient 
increase in hand blood flow occurs; there was also a concomitant slight fall in 
the mean blood pressure. Spontaneous fluctuation of flow in the control is 
seen to return after the infusion. The increase in flow was accompanied by a 
flushing of the face. Fig. 3 shows the response of the whole group of twelve 
subjects. 

Considering the group as a whole statistically, the difference between the 
average range of flow before and after the infusion is highly significant (¢ =5-8 
for 11 degrees of freedom with p<0-001). Furthermore, it may be seen that the 
greatest recorded flow occurs shortly after the infusion in every subject. 

Experiments have also been performed using lower and higher infusion rates. 
It was found that for adult males ‘after-dilatation’ was obtained only oc- 
casionally using doses of adrenaline under 10ug./min. With 10g. and larger 
doses the after-dilatation could be observed with greater frequency, and it was 
also found to occur in one subject who received 35,.g./min. for 3 min. Green 
et al. (1948), using doses of up to 100ug./min., noticed an intense flushing of the 
face 3-5 min. after the infusion of adrenaline was stopped. It is likely that had 
a higher dose of adrenaline been used in these experiments an increase in hand 
flow would also have been noted. The ‘after-dilatation’ may not be observed if 
the plethysmograph temperature falls below 30° C. or if the subject becomes cold. 
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B. Intra-arterial infusions 
‘This group of nine normal subjects received infusions of 1} .g. adrenaline/min. 
into the (2) brachial artery for exactly 3 min. There is a striking decrease in 
the flow in the (R) hand during the infusion. After the infusions the rate of 
flow returns to its previous level but does not usually exceed it. The subjects 


_ frequently noticed a numb feeling in the (2) hand; less often a tingling sensation 


which was mildly unpleasant. In associajjon with these symptoms a diminu- 
tion in flow in the (Z) hand was at times ed. Fig. 4 shows the response 


Heart Blood pressure 
—_ 


50 
20 30 40 50 60 
Minutes 


Fig. 2. The effect of an infusion of 20 ug. adrenaline/min. for 3 min. on the blood pressure, heart 
rate and hand flow of a normal subject. 


of the group of nine subjects. It will be seen that the rate of flow returns to the 
general level of the control period but does not usually exceed it. In the two 
subjects in whom the blood flow in the (R) hand was greater after the infusion 
than before, the control (Z) hand exhibited a similar increase—this excludes the 
possibility that the response in these two subjects is a local one in the (2) hand. 
Fig. 5 shows a good example of this sort of response in a further experiment. 
A comparison of the mean values before and after the infusion shows that in the 
group there was a slight fall in the rate of flow after the infusion. This change 
Was not statistically significant (¢ = 0-48). 
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Further experiments were performed using lesser and greater doses of 
adrenaline (range }-2g./min.) for 3 min. A response similar to that described 


15} 


Blood flow (c.c./100 c.c. hand/min.) 
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Fig. 3. In each of the twelve experiments 20 yg. adrenaline was given per min. for 3 min. The time 
is in minutes and the hand flow in c.c./100 c.c.hand/min. The infusions were all made from the 
11th to 14th minute. The shaded blocks represent (half-scale) the average flows recorded in 


the periods 0-10 min. and 17-27 min. The arrow represents the commencement of flushing of 
the face. 


above was observed. It was calculated that a dose rate of between } and 
}yg./min. given into the brachial artery would be equivalent to a dose of 
20g. intravenously. As it appeared that the ‘after-dilatation’ on intravenous 
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f infusion in the normal subject is more evident at the higher dose range, it was 

| decided to use the large dose (i.e. 4 .g./min.) intra-arterially for the test series. 
C. Intravenous infusions in sympathectomized subjects 

This group of nine subjects were patients who had been sympathectomized 


for Raynaud’s disease, hyperhidrosis or causalgia. It was soon found that in 
general these subjects show a greater rise in blood pressure to adrenaline than 


—_ 


Blood flow (c.c./100 c.c. hand /min ) 
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Fig. 4. The response in nine subjects each of whom received an infusion of } ug. adrenaline into the 
(2) brachial artery for 3 min. Other details as in Fig. 3. 


do normals. Patients who had all four limbs sympathectomized appeared to 
be more reactive in this respect than others who had undergone a less extensive 
sympathectomy. For this reason 20g. adrenaline was not given to all the 
| sympathectomized subjects, and hence the results have not been statistically 
s analysed. Fig. 6 shows a typical experiment in which 20g. adrenaline was 
a given for 3 min. to a woman 40 years of age who had undergone a four-limb 
in sympathectomy. This subject showed a notable bradycardia with a brisk rise 
of in blood pressure. Surprisingly, she experienced little in the way of sympto- 
matic discomfort. Fig. 7 represents the hand-flow response of the group as 
id #whole. The dose of adrenaline given is shown. It may be seen that there is 
of NO increase in flow after the infusion. In this respect the response is clearly 
18 different from that obtained in group A and similar to the effect in group B. 
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| DISCUSSION 
The above results clearly demonstrate that short intravenous infusions of 
adrenaline in moderate doses to normal subjects are followed by an increase 
in blood flow through the hand. Analysis of the difference between the means 
show the increased rate of flow after the infusion to be highly significant. It is 


sey 
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Blood flow (c.c./100 c.c. hand/min.) 
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Fig. 5. The response of both hands in a subject who showed some degree of dilatation after } ug. "a 
adrenaline into the (R) brachial artery for 3 min. The solid line represents the (2) hand flows, 
the broken line the (LZ) hand flows. 


reasonable to consider this increase to be related to the preceding infusion of 
adrenaline. In contrast to the results obtained on intravenous infusion, relative 
doses infused into the brachial artery do not produce a similar increase after 
the infusion. Indeed, the general tendency is for the flow to decrease slightly. . 
Likewise, no increase in flow follows intravenous infusions in the sympathecto- 
mized subjects. 
These results provide some information on the possible mechanism of the 
‘after-dilatation’ which characterizes intravenous infusions of adrenaline. it 
Fundamentally, any increase in flow may be due to an increase in the perfusion 
pressure, or to a decreased resistance, or to both. The effect described as the 8 
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‘in these subjects usually produce a greater rise in blood pressure than in the 
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‘after-dilatation’ is unlikely to be due to a simple increase in the perfusion 
pressure, because the mean blood pressure during this time was found to be 
equal to, or occasionally even below, the control value. Moreover, the sympa- 
thectomized subjects fail to show the ‘after-dilatation’. Infusions of adrenaline 
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Minutes 
Fig. 6. An intravenous infusion of 20 ug. adrenaline/min. in a subject who had been 
sympathectomized in all four limbs for Raynaud’s disease. Details as in Fig. 2. 
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normal, and if the effect were simply a passive perfusion pressure response the 
sympathectomized subjects would certainly have shown it. A true vasodilata- 
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tion must be responsible for the increase in flow. This might be due to the local 


action of dilator substances or to a change in nervous activity. The results c 
obtained on intra-arterial infusion exclude the action of locally produced dilator f 
substances. The results on thesympathectomized subjects exclude the alternative 

possibility that it is due to dilator substances produced at another site acting ' 
locally on the vessels in the hand. The increase in flow must, by elimination, ; 


= 


Blood flow (c.c./100 c.c. hand/min.) 


Fig. 7. The responses of nine subjects who had been sympathectomized. The dose of adrenaline 
given is indicated. The maximal recorded blood pressure is noted, and its occurrence in time 
indicated by the arrow. The numeral in the top right-hand corner indicates the number of 
limbs sympathectomized, including the test limb. 


be due to vasomotor changes. Arnot & Macfie (1948) have failed to find any } 
evidence for dilator nerves in the skin of the finger in man. Hence it is con- 
cluded on these grounds that the ‘after-dilatation’ in man following intra- 
venous infusions of adrenaline must be due to inhibition of sympathetic 
vasoconstrictor tone. However, this inhibition is only partial, for spontaneous 
fluctuations still occur. This is in accord with the observations of Green et al. 
(1948). It must be postulated that this central action of adrenaline, if present 
from the beginning of the infusion, is obscured during the infusion by. the 
intense local constrictor action of adrenaline. | 
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- beneficial to the extent that it restricted excessive sympathetic activity, 


of somatic nervous transmission. 
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The present study is confined to the hand, but the effect has also been 
observed in the feet. Moreover, the fall in blood pressure frequently observed 
after the infusion suggests a more general effect. 

It appears to be relevant to the present work to refer to the effects observed 
on animals, for although the amount of adrenaline per unit weight given to 
the human subject is much less than that given to the animals, man is thought to 
bemore sensitive to adrenaline (Goldenberg, Pines, Baldwin, Green & Roh, 1948). 

Two general actions appear possible. Adrenaline may cause an inhibition of 
yasomotor tone either directly or by an indirect effect on autonomic trans- 
mission. Concerning the direct effect of adrenaline on central vasomotor 
control, it is of interest to note that Dale & Richards (1927) described an 
‘abnormal’ depressor effect of adrenaline in the dog. After rendering the 
animal hypertensive by restricting the blood supply to the brain-stem they 
showed that an injection of adrenaline into the remaining untied vertebral 
artery caused a fall in blood pressure. They did not analyse the effect in detail. 
Von Euler (1938) found that in the rabbit intracarotid injections of adrenaline 
also cause a fall in blood pressure. ee 
anoxia of the vasomotor centres. 

Adrenaline is known to influence autonomic transmission outside the central 
nervous system. Marrazzi (19394, b) claimed that adrenaline inhibits ganglionic 
transmission in the rabbit and in the cat. Recording impulses in the post- 
ganglionic fibres from the superior cervical ganglion resulting from repetitive 
submaximal stimulation of the proximal part of the cervical sympathetic, he 
found that the number of impulses was reduced during splanchnic stimulation, 
and also after an injection of adrenaline. This effect was not due to anoxia 

because there was no reduction of impulses for several minutes after cardiac 
arrest. 

Bilbring & Burn (1942) investigated the problem in the dog using a prepara- 
tion with a double circulation in which the hind limb could be perfused inde- 
pendently of the upper part of the body; the sympathetic ganglia were supplied 
by one circuit, while their post-ganglionic fibres terminated in relation to blood 
vessels supplied by an independent circulation. These observers found that 
small doses of adrenaline augmented ganglionic transmission while larger doses 
depressed it. Using a different technique in the cat a similar response was 
observed. While Marrazzi considered that the ganglion depressing action was 


Biilbring & Burn thought that this depressant action might play some part 
in the production of shock. It is apparent, therefore, that adrenaline may 
influence autonomic activity by an effect on ganglionic transmission. 

Schweitzer & Wright (1937) have shown that adrenaline also inhibits the 
knee jerk in the cat, and they conclude that this is due to a direct depression 
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In addition to their general conclusions Biilbring & Burn (1942) make further 
observations which apply to the present study. In their paper they noted that 
depression of ganglionic transmission occurred after the infusion of adrenaline 
had ceased. The ‘after-dilatation’ described in this paper occurs with a com- 
parable relationship to time. They also show that an effect on ganglionic 
transmission is present for some time after the general effect on the blood 
pressure has passed off. It is considered that in this paper a vasomotor inhibi- 
tion in man has been demonstrated after the major changes in blood pressure 
have subsided. | 

However, it may be that adrenaline affects vasomotor tone in an indirect 
manner, by initiating a chain of physical, biochemical or hormonal changes 
leading to a degree of vasomotor inhibition. Thus Pickering (1932) claimed 
that the generalized vasodilatation occurring when the skin is warmed is due 
to ‘the action of the central mechanism excited by a rise in blood temperature ’. 
Adrenaline infusions in the human subject cause an increase in oxygen con- 
sumption which, together with a vasoconstriction, may result in an increased 
heat production and decreased heat elimination. It is possible that a rise in 
blood temperature may occur. Recently also, Strém (1950) has shown that 
warming the blood supplying the hypothalamus causes a vasodilatation in the 
pad of the cat. The results described in this paper do not exclude the possibility 
that a rise in blood temperature is responsible for the ‘after-dilatation’. 

Staub (1946) has reported that infusions of 0-2 mg. adrenaline in the human 
subject over 10 min. cause a rise in plasma histamine. The ‘after-dilatation’ 
in the present series is not due to circulating histamine acting locally on the 
vessels. The increase in the blood histamine level might, however, cause a 
central inhibition of vasomotor tone. 

Goldenberg e al. (1948) measured the cardiac output and arterial blood 
pressure in human subjects undergoing infusions of adrenaline. They found 
that the total peripheral resistance was reduced during the infusion. They 
conclude that adrenaline is predominantly a dilator substance in man, but, 
having examined the data of Allen, Barcroft & Edholm (1946) they consider 
that the over-all dilatation is not only confined to skeletal muscle. The present 

results suggest that a central depression of vasoconstrictor tone might be a 
factor in the production of this vasodilatation. 


SUMMARY 


1. The response of the human hand to short infusions of adrenaline has been 
studied using the venous occlusion plethysmograph. 

2. If a moderate dose of adrenaline is given as an intravenous infusion 
a dilatation occurs in the hand a few minutes after the end of the infusion. 

3. This ‘after-dilatation’ is not seen in the sympathectomized limb, nor does 
it occur if comparable doses are infused directly into the brachial artery. 
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4. The ‘after-dilatation’ is due to a central inhibition of vasomotor tone. 
5. The ‘after-dilatation’ is discussed in relation to theories of adrenaline 
as a dilator substance. 


The author wishes to express his thanks to the medical students and others who acted as subjects; 
to Drs R. 8. Duff and V. Rubio for valuable assistance, to Dr J. M. Tanner, and to Mrs M. Lyddon, 
Miss M. Gould and Mr G. Hales. 
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THE HEAT PRODUCTION ASSOCIATED WITH THE 
MAINTENANCE OF A PROLONGED CONTRACTION 
AND THE EXTRA HEAT PRODUCED DURING 
LARGE SHORTENING 


By B. C. ABBOTT 
From the Biophysics Research Unit, University College, London 
(Recewwed 28 May 1950) 


In a recent paper (Hill, 19492), it was shown that the heat produced in a single 
twitch is made up of two parts: (a) the heat of shortening which is simultaneous 
with and proportional to the shortening, and (b) the heat of activation. The 
latter starts at its maximum speed shortly after a shock, falling in rate from 
then on and finishing by the time that relaxation begins. In another paper 
(Hill, 1949c) the use of a quick stretch applied shortly after a shock showed 
that the full strength of a contraction (equal to that in a maximal tetanus) is 
developed very rapidly after the end of the latent period, remaining on a 
plateau for a time, then gradually disappearing in relaxation. 
These facts suggested that each of the successive shocks required to maintain 
a prolonged contraction merely restored the full strength of the contraction 
from the level to which it had relaxed in the interval between shocks, and that 
the heat produced in a maintained contraction was no more than the summated 
effect of the heats of activation of the successive responses. If this was so, we 
should expect the maintenance heat, like the activation heat, to be little affected 
by muscle length. The first object of the present investigation was to test this 
conclusion. 
If the maintenance heat is the summated accompaniment of the succession 
of re-activati#™s by which the onset of relaxation is deferred, it should be 
greater or less according as relaxation is faster or slower. In two respects this 
is known already to be the case: (a) a rise of temperature increases the rate of 
relaxation and of maintenance heat production (Hartree & Hill, 1921), and 
(6) previous activity (Bronk, 1930) and the presence of CO, (Bozler, 1930) 
decrease both. The second object of the present experiments was to find out, 
in a single maintained contraction, whether the two effects run parallel. 
In an isometric contraction considerable shortening of the contractile 
material, with consequent stretching of the series elastic material, occurs in the 
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earlier stages. During this process a significant part of the observed heat is 
heat of shortening, which cannot be allowed for exactly because the amount of 
internal shortening is not known. After a time, depending on the temperature 
(about 1-5 sec. for a frog sartorius at 0° C.), the internal shortening is complete, 
and then so long as the stimulus continues, all the heat is associated with 
maintaining the contraction. Soon after the stimulus ends the muscle relaxes, 
and all the mechanical energy stored in the stretched elastic elements appears 
as heat. The total heat, therefore, is made up of maintenance heat, heat of 
shortening, and work, of which the second and third cannot be accurately 
known. The complication is avoided by measuring the rate of heat production 
directly, after the heat of shortening is over and before relaxation begins. This 
was not possible with the older myothermic equipment, at any rate before 
1938; it was much too slow, and a very laborious numerical analysis would have 
been required. The present instruments, however (see Hill, 19495), are so rapid 
that the only allowance necessary is for heat lost by conduction, and this is 
easily made. The rate of heat production, therefore, can be determined through- 
out a prolonged contraction from a single record, with much more accuracy and 
less effect on the muscle than by a long series of stimuli of various durations. 
Similarly, if a muscle is released and allowed to shorten during a maintained 
contraction the shortening heat can be determined throughout the shortening. 
In the third group of experiments described below, this was carried out over a 
wide range of shortening. - 
METHOD 

Heat measurements were made at 0° C. on frog (Rana temporaria) and toad (Bufo bufo) sartorii. 
The equipment consisted of thermopile, galvanometer, photocell amplifier and cathode-ray tube 
display similar to that described by Hill (19495). A linear time-base was used and the time-base 
speed was adjusted so as to give several sweeps during each tetanus. The trace was brightened up 
at the instant of the first stimulus and photographed with time markers every #sth and ;sth sec. 

A pair of muscles was mounted on the thermopile (P IV described by Hill, 1938) and soaked 
overnight in oxygenated Ringer at 0° C. The thermopile container was placed inside a Dewar flask 
filled with well-stirred ice and water, and it was connected at the bottom to a reservoir of Ringer 
solution. The levels were arranged so that with both systems open to the atmosphere, the solution 
in the thermopile chamber fell below the bottom of the muscle; when an oxygen supply was at- 
tached to the reservoir inlet the solution was pushed completely out of the reservoir, thus filling 
the thermopile chamber above the top of the muscle. The Ringer’s solution was thus kept accurately 
at 0° C. and the muscle could be soaked when required without temperature disturbance. During 
experiments on the variation of the heat rate during maintained isometric contractions, soaking 
was allowed for 20 min. after each tetanus. 
_ It has been shown by Hill (1913), and verified by Feng (1931), that in an isometric contraction 
the heat produced per unit of tension developed and maintained is independent of the frequency 
of stimulation, provided fusion is obtained. Condenser discharges were employed, alternating in 
direction with a time for the complete cycle varying between 0-2 and 1-1 sec.; the frequency chosen 
was high enough to produce fusion. Tetanus durations of 6 sec. at the higher stimulus frequencies 
and 20 sec. at the lower values were used. The muscles were attached by a light chain to an isotonic 
lever giving a tension of about 1 g. weight. Shortening was allowed until a certain muscle length 
was reached, after which the contraction became isometric. A series of records consisted of a set 
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of contractions at decreasing lengths, followed by @ corresponding set at increasing lengths. The 
average of the two heat rates at any given muscle length was calculated: thjs procedure helped to 
compensate for any steady slow change in the muscle. 

Correction had to be applied for heat loss. The loss factor was determined for each muscle length 
from the cooling curve after the muscle had been heated during a short period by « current of 
300 keyo. /sec. Thethermopileand galv ter were so rapid that no further analysis v y, 
delays in their response having the effect only of moving the curve of heat production a short 
parallel to itself. The heat rate observed was the true rate a few hundredths of a second earlier. 

In the second group of experiments, records of the fall of tension after the end of a tetanus at 
0° C. were made with an isometric lever on a smoked drum. In order to study the change in 
relaxation rate as a tetanus progressed, stimulation was stopped for short intervals throughout 
a single prolonged tetanus. The stimulus frequency was 2 per sec. and the shocks were registered 
on the drum by a signal magnet. Five times during a 45 sec. tetanus the stimuli were switched off 
just long enough for the relaxation of tension to be visible, and then re-established. The time taken 
_ for the tension to fall by 5% was measured. 

In the third set of experiments a pair of muscles was stimulated isometrically at a length about 
1 mm. longer than when in the body, until all internal shortening was ended. The operation of 
a quick-release mechanism then permitted shortening for a known distance. The only load was 
that from a light chain moving in a very viscous medium (silicone) used to damp out oscillations 
resulting from the quick release when the undamped elastic component of the muscle is suddenly 
relieved of tension. Movement was translated into electrical signal by a shadow of the lever moving 
across a photocell, and simultaneous records of heat and movement were obtained. Isometric heat 
traces were recorded at the terminal lengths, and the average subtracted from the trace in which 
quick release occurred. Heat loss correction needed only to be applied to this difference. The extra 
heat up to any time was then plotted against the amount of shortening up to that time. 

Within this series of unloaded shortenings, several experiments were carried out using the 
pharynx retractor muscle of the common snail (Helix aspersa). The experimental procedure was the 
same as for frog and toad, but only one side of the thermopile was covered. The muscle was soaked 
in a bathing solution described by Pantin (1946), and temperatures of 7° and 16° C. were employed. 
The fibres in this muscle run half the length of the muscle (Ramsay, 1940) so the use of condenser 
shocks alternating in direction (applied through electrodes at each end of the thermopile) ensured 
stimulation of all the muscle. 


RESULTS 
Maintenance heat rate 


The heat rate in an isometric contraction has a high initial value, which falls 
to a steady level as the tetanus is prolonged (Hartree & Hill, 1920). The time 
after which this occurs depends on the muscle, its temperature and the fre- 
quency of stimulation. For a frog muscle at 0° C., the effect of stimulus fre- 
quency is illustrated in Fig. 1, which shows that a lower frequency extends the 
time scale. The initial burst of heat includes that due to internal shortening, 
but for a frog muscle at 0° C. this is finished by 1-5 sec., leaving only the main- 
tenance heat, the rate of which continues to decrease. As the tetanus proceeds 
the muscle becomes more economical and reaches a constant level of heat 
production after about 9 sec. with 1-8 shocks/sec., after 4 sec. with 8 shocks/sec. 

In order to compare maintenance heat rates at different lengths, the slopes 
of the heat-production curves were measured at times after the beginning of 
excitation such that the heat rate had become steady. The results are plotted 
in Figs. 2'and 3 for toad and frog respectively. Length is expressed in percen- 
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tage of the maximum muscle length in the body (resting length) and heat in 
percentage of the heat rate at this resting length. The heat is that in the whole 
muscle, not the variable part on the thermopile. All points of all the experi- 
tents are plotted. 4 
A variation of heat rate with length occurred in both frog and toad muscle 
at 0° C. The general result agreed with that of Fenn & Latchford (1933), who 
used frog muscle at room temperature and determined the heat rate from the 
difference in total heat of two tetani of different durations. The variation with 
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Fig. 1. Maintenance heat rate during prolonged isometric contraction. Frog sartorii 0° C. Length 
30 mm., weight 285 mg. Curve (a) stimulus frequency 0-9 double shocks per sec. Curve (b) 

4-0 double shocks per sec. 
length, however, was appreciably less than that found by Fenn & Latchford 
and considerably less than that of the results recalculated by Ramsey (1943). 
The difference in method probably explains the somewhat different results. 
The maintenance heat rate for frog muscle at 80% of resting length was 
about 10% less than the value at the resting length; for toad muscle the heat 
rate was down by 10% at about 65% of the resting length. At lengths above 
the resting value the maintenance heat rate again decreased. This was expected, 
because as extension increases the muscle relaxes more slowly (Hartree & Hill, 
1921) and so less reactivation is required at each stimulus. The same explana- 
tion, however, cannot be given of the smaller maintenance heat rate at shorter 
lengths, for there is no sign of a slower relaxation at such lengths. The activation 
heat after a shock is about the same at different lengths (Hill, 1949a, 1950), but 
& variation of the extent shown in Figs. 2 and 3 could not be detected with 


8 
of 
>> 
ls 
of 
d 


442 B. C. ABBOTT 


certainty. It is possible, therefore, that the observed variation (with length) 
of maintenance heat rate is due, at least in part, to a similar variation of the 
activation heat. 


50} 
= 
80 100 120 60 80 100 120 
Muscle length (%) Muscle length (%) 
Fig. 2. Fig. 3. 


Fig. 2. Variation of maintenance heat rate with length, expressed as percentage of 
heat rate at the resting length in the body. Frog muscle, 0° C. 

Fig. 3. Variation of maintenance heat rate with length, expressed as percentage of 
heat rate at the resting length in the body. Toad muscle, 0° C. 
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Fig. 4. Curve (a) maintenance heat rate during a prolonged tetanus. Curve (b) sate of tension 
relaxation (reciprocal of time to tension fall of 5%) measured during gaps in stimulation during 
a prolonged tetanus. Toad muscle, 0° C. Length 25 mm., weight 106 mg. 
Rate of relaxation 


The siasnbi rate was measured as the reciprocal of the time taken for the 
tension to drop by 5% after the last stimulus of an isometric contraction. 
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This rate, in a frog muscle at 0° C. stimulated twice a second, decreased for 
about 9 sec. and then became steady at a value which remained unaltered after 
as much as 45 sec. of stimulation (curve 6, Fig. 4). 

The maintenance heat rate during a prolonged tetanus of the same muscle 
is given in curve a, Fig. 4. The similarity of curves a and 6 is obvious. As the 
tetanus continued the contraction became more economical (Bronk, 1930), 
i.e. the amount of reactivation necessary to maintain the contraction decreased : 
but after a certain duration of stimulus it remained constant. 
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Shortening (cm.) 


Fig. 5. Heat of shortening. Frog sartorius 0° C. Length in body 32 mm., 
weight 205 mg. Slope a=20-5 g. weight. a/A =335 g./cm’. 


Heat of shortening 

With a frog sartorius the relation of heat of shortening to shortening is linear 
up to more than 30% shortening, and with a toad sartorius up to more than 
50%. Fig. 5 shows the results of an experiment in which a frog muscle initially 
of length 32 mm. shortened freely for 10 mm. The slope of this line is 20-3 g. 
weight and represents ‘a’ in Hill’s paper (1938). The fact that the line does not 
go through the origin is to be attributed to the sudden elastic shortening which 
occurs immediately after release. In order to compare the shortening heat from 
different muscles the value a/A was calculated, where A is the cross-section of 
the muscle at the resting length in the body. For this muscle a/A was 335 
g. weight/cm.*. Table 1 shows the results of a series of experiments. 

With a snail muscle of weight 15 mg. and initial length 28-5 mm., linearity of 
heat with shortening occurred with more than 12 mm. shortening. 

The implications of the fact that the heat liberated for a given amount of 
shortening is independent of the muscle length at which shortening occurs has 
been discussed elsewhere (Hill, 1949c). 
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Taste 1, Heat of shortening 


(In the second column a is the constant of the observed heat of shortening az, and A is the cross- 
section of the muscle at rest in the body.) 


Shortening length Initial length 
Date a/A (g./cm.*) (mm.) (mm.) (mm.) 
Frog, C. 
1 April 1949 490, 554 10 28 28 
2 April 1949 437 10 28 31 
25 May 1949 335 10 32 —_ 
26 May 1949 335 10 32 33 
3 June 1949 468, 474 11-5 31 32 
10 June 1949 544, 555 10 30 31 
455 
Toad, 0° C. 
21 March 1949 272 12 23 25 
26 April 1949 430, 
8 Tone 1980 380 10-5 27 28 
9 June 1949 385 10-5 27 28 
Snail 
23 June 1949, 16° C. 445 30 
25 June 1949, 16° C. 370 13 —- 28-5 
6 July 1949, 7-5° C. 380, 377 1 _ 26-5 
SUMMARY 


1. During a prolonged stimulus the rate of heat production falls from a high 
initial value towards a steady level reached after an interval depending on 
stimulus frequency. The rate of relaxation, measured during a gap in the stimu- 
lus, falls in the same way. 

2. The steady value of maintenance heat rate at 0° C. varies with muscle 
length but only to a small extent: the decrease at lengths shorter than the 
resting length is less than that found by Fenn & Latchford (1933), by another 
and possibly less reliable method at room temperature. The effect of length on 
maintenance heat rate is less for toad than for frog muscle. 

3. Heat of shortening is proportional to shortening over a wide range; for 
50% shortening with toad, for 30% shortening with frog and for 50% shor- 
tening with snail muscle. 

I wish to thank Prof. A. V. Hill for his constant guidance and help; also Mr A. C. Downing for 
technical advice. 
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SKIN REACTIONS IN GUINEA-PIGS SENSITIZED 
BY SERUM PROTEINS 


By L. B. WINTER 
From the Department of Physiology, University of Sheffield 
(Received 31 May 1950) 


Attention was drawn in the past to the frequent failure of a single intraperi- 
toneal injection of serum proteins to effect sensitization of the uterine muscle 
in guinea-pigs, as tested in vitro after the usual interval. Some such animals, 
however, exhibited anaphylactic shock when the protein was injected 
parenterally (Winter, 1944a,b). When it is desired to keep animals for an un- 
usually long period after the original injection, considerable economy would 
result if they could be tested by a simple technique involving no operative 
procedure; the animals which were found to be sensitive could then be kept 
and the others discarded. It is well known that in many types of allergy in 
man sensitization of the skin usually occurs. This may be demonstrated 
readily by exhibition of the appropriate antigen, often in extreme dilution, 
when using the highly sensitive intradermal method or the less sensitive, but 
more specific, scratch test. 

Unpublished observations of the writer suggested that, in guinea-pigs which 
had received an intraperitoneal injection of serum proteins, the skin test would 
not be a reliable guide either to sensitization of the whole animal (as judged 
by death in anaphylactic shock) or to sensitization of the uterus. Nevertheless, 
Gell (1944) found it was possible to render guinea-pigs susceptible to ana- 
phylactic shock concomitantly with sensitization of skin and uterus; a non- 
protein antigen was used, and sensitization was effected by various routes, of 
which the intraperitoneal was not one. It is generally accepted that, as a 
result of the interaction between antigen and antibody in vivo, there is liberation 
of histamine from various cells in the body immediately prior to anaphylactic 
shock, and Schild (1937) has shown the liberation of a histamine-like substance 
from skin and other tissues of sensitized guinea-pigs when brought into contact 
im vitro with the antigen (ovalbumin). It seemed desirable, therefore, to make 
a more systematic and more extended series of observations on the skin 
reactions in vivo of guinea-pigs sensitized by serum proteins. 
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METHODS 


Virgin guinea-pigs were used (obtained from the Agricultural Research Council Field Station, 
Newbury) weighing about 250 g. at the time of sensitization; this was effected by the intraperi- 
toneal injection of 0-1 ml. of horse serum, or 2 mg. of horse-serum globulin or horse-serum albumin. 
The same specimens of globulin and albumin were used as in experiments previously described 
(Winter, 1945). After the desired interval the skin tests were performed, followed about a week 
later by the examination of the isolated uterus by the Dale technique and the test of the animal’s 
susceptibility to shock. For the former 0-1 ml. serum in a volume of 120 ml. Ringer’s solution 
was used, The samples of serum had all been kept for 2-4 days at about 3° C. before use. 

Both scratch and intradermal tests were always performed. The skin of the abdomen having 
been shaved on the previous day, an intradermal injection of the antigen was made in the right 
lower quadrant, with a similar injection of physiological saline from another syringe into the 
corresponding quadrant of the opposite side. A drop of the antigen was then placed on the skin 
in the right upper quadrant and light scratches were made through it (never deep enough to draw 
blood); the surplus fluid was then removed with filter-paper. A saline control was then performed 
on the skin of the opposite side. The results were read at 3, 24, 48 and 72 hr. In the early experi- 
ments to which reference has been made, which were substantially the same as those now recorded, 
serum diluted 1/20 with physiological saline was used; in the present series the dilution was 1/10. 
For the skin tests on the animals sensitized with globulin or albumin a solution was used of the 
same antigen as that by which the animals were sensitized, 7 mg. in 1 ml. saline. A week after the 
skin tests, the animals were anaesthetized, one uterine horn was removed for testing in vitro, and 
an injection of serum was given into a mesenteric vein, sufficient to cause shock if the animal was 
susceptible, but not large enough to call forth any non-specific reactions; animals which had received 
the sensitizing dose 26-32 days earlier were tested with 0-1 ml. serum, the others, whose body 
weight was considerably greater, were given 0-2 ml. 


RESULTS 


The skin tests by the scratch method were all negative. Intradermal tests on 
fifteen of the seventy-eight animals gave positive results, although those on 
the serum-sensitized guinea-pigs were less definite than the others. Generally 
a reddened area about 3 mm. in diameter appeared at the site of injection 
2-3 hr. later, and disappeared in 24 hr. The results may be best appreciated 
by reference to the tables. 

DISCUSSION 


It is difficult to explain why visible results of the interaction between antigen 
and antibody developed in the skin of the living animal in relatively few instances, 
since there is unlikely to be any fundamental difference between the sensitizing 
action of ovalbumin, as used in Schild’s experiments (vide supra), and the 
serum proteins of the horse. The small number of skin reactions in the animals 
kept for 81-86 days is even more noteworthy; in these animals some tissues, 
at any rate, are so highly sensitized that it is difficult to avoid death of the 
animal in the course of the most careful procedures for desensitization, using 
graded injections of antigen (Winter, 1945). To test the possibility that a 
significant degree of skin sensitiveness might develop at a later period, six 
guinea-pigs, which had received a sensitizing dose of serum, were kept for 
19] days before their skins were tested. The results were all negative. 
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TaBz 1. General results of skin, shock and uterus tests 


C D E 
Globulin 26 ll 9 I 2 1 
81 14 4 3 10 0 
Albumin 32 11 8 1 3 0 
82 13 5 0 8 3 
Serum 27 18 14 6 4 0 
86 5 4 0 1 0 
191 6 5 0 1 0 : 
A. Number of animals. 
B. Number of animals which reacted by death in shock, and in which the uterine muscle was 
sensitive. 
C. Number of animals in column B which showed positive ekin reactions. 
D. Number of animals which were insensitive either to the shock test or the uterus test, or to 
both. These results are analysed in Table 2. 
E. Number of animals in column D which showed positive skin reactions. 
Tasie 2. Analysis of results in column D Table 1 
No. of days 
sensitized F G H 
Globulin 26 0 2* 0 
81 2 7 1 
Albumin 32 0 2 1 
82 1 7t 0 
Serum 27 1 2 1 
86 0 0 1 
191 0 l 0 


Animals whose uteri were insensitive and which showed no symptoms of shock. 
Animals whose uteri were ineensitive, but which died in shook. 
Animals whose uteri were sensitive, but which showed no symptoms of shock. 


* One animal showed a doubtful skin reaction at 3 hr., no reaction after 24 hr. 
+t Three animals showed a positive skin reaction at 3 hr., no reaction after 24 hr. 


A point of interest emerges from Table 2, column G. In the case of globulin- 
sensitized and albumin-sensitized animals, there was a tendency at the later 
times for the sensitiveness of the uterine muscle to disappear, with no appreciable 
diminution in the animal’s susceptibility to shock. In the case of the serum- 
sensitized animals there was no such change, even after 191 days; presumably 
this distinction between globulin-sensitized and serum-sensitized animals is 
due to the sensitizing antibody which develops under the influence of the 
‘masked’ albumin in the serum-(Winter, 1944<). 


SUMMARY 


1. Skin tests were performed by the scratch method and by intradermal 
injection of the homologous antigen into guinea-pigs sensitized by intra- 
peritoneal injection of horse-serum proteins. 

2. Few positive skin reactions were observed, although in most cases the 
animals proved to be highly sensitive when tested by the isolated uterus 
method, and by susceptibility to shock. 


I am indebted to Messrs D. Blaker and G. Webber for technical assistance. 
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THE METABOLISM OF IRON DURING SUCKLING ~ 


By R. A. McCANCE anp E. M. WIDDOWSON 


From the Medical Research Council Department of Experimental 
Medicine, University of Cambridge 


(Received 8 June 1950) 


Bunge (1889, 1892) realized that milk contained very little iron and he believed 
that animals which depended entirely upon it for some time after birth were 
born with a store of iron in their livers to tide them over the suckling period. 
These conclusions, which were based largely upon a study of the rabbit and 
the guinea-pig, had a great influence upon subsequent thought. Bunge (1892) 
found the rabbit, with a long suckling period, to have a large store of iron in 
the liver at birth; the guinea-pig, which is able to eat food other than milk 
from the first day onwards, had not. The essential points of his generalization 
were therefore: (a) milk is a negligible source of iron; (6) the liver contains 
enough iron at birth to supply the needs of the growing animal during suckling. 
It follows at once if the theory is true that suckling animals should have little 
if any more iron in their bodies at the end of suckling than they had at the 
beginning, and that unless the store is adequate a state of physiological 
‘anaemia’ is inevitable towards the end of suckling. 

Fontés & Thivolle (19254, 5) first showed that this theory required modifica- 
tion by demonstrating that the total amount of iron in puppies increased 
considerably during suckling, and concluded that the source of this iron was 
the milk. The increase in total body iron, moreover, was so much greater than 
the amount which the liver could have contributed to the rest of the body 
that the value of this ‘store’ to the puppy was clearly a relatively small one. 
Smythe & Miller (1929) drew similar conclusions from a study of the rat. 
Lintzel, Rechenberger & Schairer (1944) published an important paper on this 
subject in which they discussed Bunge’s theory in the light of the iron meta- 
bolism of suckling rats, mice, dogs, cats, pigs, guinea-pigs, goats and humans. 
They developed the idea that some animals, e.g. cats and humans, are born’ 
with a great excess of circulating haemoglobin, and that in these animals this 
rather than the liver acts as the ‘store’. They considered, however, that some 
animals, e.g. rats, must absorb iron freely from milk. The value of their paper 
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lies in the wide range of species brought under review, but it is marred by the 


limited number of animals in some species from which conclusions were drawn. 

Venn, McCance & Widdowson (1947) made a study of piglet anaemia. They 
showed that: (a) the amount of iron found in the pig’s liver at birth was totally 
inadequate for the requirements of the rest of the body during the next 
3 weeks; (b) the suckling pig, reared on pasture with access to soil, absorbed 
and retained some 350 mg. of iron in the first 3 weeks of its life; (c) the suckling 
pig reared in a concrete sty, without access to soil, absorbed and retained 
78 mg.; (d) the most that such a piglet could expect to obtain from its mother’s 
milk in this time was about 23 mg. Although, therefore, the piglet depends 
entirely upon the milk of the mother sow for all its organic requirements for 
the first 3 weeks of its life, it relies upon its surroundings, chiefly the soil, for 
its iron. 

Huggett & Widdas (1949) used radioactive iron to study the iron metabolism 
of the suckling rat. They showed that: (a) the amount in the body at birth 
was quite inadequate for the first 3 weeks of life; (b) the young animals absorbed 
and retained iron in the first 3 weeks of life, although the gain in body iron 
was relatively less than the gain in body weight; (c) the source of this iron was 
the mother’s milk. They seem unaware of the work of Smythe & Miller (1929) 
or of Lintzel et al, (1944), whose experiments on this species were numerous and 
excellent, and who reached essentially the same conclusions. 

The present experiments were undertaken as part of a study of the chemistry 
of growth, and they were designed to define (a) the increase, if any, in the total 
body iron of mice, rats, guinea-pigs, rabbits, cats and pigs durmg suckling; 
(6) the value to the growing animal of the iron store found in the liver at birth; 
(c) the use made of the iron which was acquired by piglets and kittens during 
suckling. Detailed data on piglets have already been published (Venn et al. 
1947) in another connexion, and only the summary will be given. Some 
observations on a newborn atlantic seal (Halichoerus gryphus) are included for 
their comparative value. 

METHODS 


The animals used in these experiments and the techniques for handling them are described by 
Spray & Widdowson (1951). Estimations of the blood volume were made on two newborn, two 
3-week and three 6-week-old kittens, and also on two adult cats before they were killed. For the 
newborn animals 0-5 c.c. of a 0-2 % solution of Evans’s Blue (T 1824) in normal saline was used, 
and 0-5 c.c. of a 1% solution for those which were 3 and 6 weeks old. The adult cats were given 
lo.c. of a 2 % solution of thedye. A newborn kitten has only 9 or 10c.c. of blood, so it was necessary 
to keep the preliminary sample of blood to a minimum in order to disturb the blood volume as 
little as possible. About 0-5 c.c. was taken from the heart into a weighed Wassermann tube 
containing a mixture of ammonium oxalate (3 parts) and potassium oxalate (2 parts). The exact 
amount of blood was determined by weighing. The haematocrit was estimated in capillary glass 
tubing, and the separated plasma was taken from the haematocrit tubes with a teat pipette and 
used as the control plasma for the blood-volume determination. The solution of Evans’s Blue was 
injected into the heart, and the second sample of blood was collected after 6 min. by severing the 
vessels of the neck. Again the sample of blood was weighed. Part of it was used for a second 
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haematocrit determination; some was ashed so that the concentration of iron could be estimate: 
and the remainder was centrifuged to provide plasma for the determination of the concentration 
of the dye. The amount of iron in the samples of blood taken for analysis was added to the amount 
found in the rest of the blood in compiling the results given in Table 2. The method used for the 
older animals was similar, but a larger sample of blood was taken from the heart in the first instance, 
and the solution of dye was injected into a vein of one of the hind legs. 

Blood-volume determinations were made on five newborn, five 3-week and three 8-week-old 
pigs and also on seven older animals. The technique employed for the newborn, 3-week and 
8-week-old animals has been described by Venn ef al. (1947). The large pigs were first anaesthetized 
by injection of pentobarbitone (B.P.) into an ear vein. A sample of blood was then collected from 
a vein of the opposite ear, and, with the needle still in position, the dye solution immediately 
injected. 5 c.c. of a 2% solution of Evans’s Blue in 09% NaCl was used for the 16-week pigs 
and twice this amount for the older ones. After an interval of 6 min. a second sample of blood 
was collected from the heart. The pig was then killed, while still under the influence of the anaes- 
thetic, by injecting air into the heart. 

Total iron was determined in the acid extracts of the ash with thioglycollic acid (McCance, 
Widdowson & Shackleton, 1936) and inorganic iron in the livers with aa’-dipyridyl as described 
by Shackleton & McCance (1936). 


RESULTS 


Table 1 shows the number of animals used and the results obtained for the mouse, 
rat, guinea-pig, rabbit and seal. Two groups of male and two groups of female 
mice, rats and rabbits were analysed at each stage, and the figures represent 


Tasie 1. Changes in weight, and in liver and body iron during suckling 
Species see Mouse Rat Guinea-pig Rabbit Seal 


0 15 0 15 0 15 0 15 0 
Number 69 31 68 26 10 5 12 ll 1 
Body weight (g.) 155 925 59 274 80 «112 55 187 12,600 
Liver weight (g.) 0-09 038 $4140 5 46 28 
Weight of fat in body (g.) 003 045 006 130 81 #20 #01 170 ~~ 1,160 
Total Fe in body (mg.) 010 O41 O34 O76 481 670 7:20 7-64 
body ~ 6-65 586 2 
4 

Inorganic Fe in liver 160 122 147 063 410 196 845 388 32-2 

(mg./100 g. of liver) 
Percentage of total body 140 15 165 12 46 13 328 30-4 15-4 

Fe in liver 


the averaged results of these composite samples. In the rat the total iron in 
the body rose from 0-34 to 0-76 mg. during suckling. The percentage of iron 
fell and the inorganic iron in the liver, which had accounted for 16% of the 
total iron in the body at birth, fell from 0-056 to 0-009 mg. These results are 
similar to those of Smythe & Miller (1929), Lintzel et al. (1944) and Huggett & 
Widdas (1949) and it may be assumed from the work of Lintzel e al. and 
Huggett & Widdas that in this species the mother’s milk was the source of 
the iron. Since rat’s milk contains relatively so much iron (Cox and Mueller, 
1937) this is not altogether surprising. The data for the mouse resembled those 
for the rat, but the suckling mouse quadrupled its body iron in 15 days whereas 
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the rat only doubled it. It is probable that the mouse obtained most of this 
iron from the mother’s milk, but this has not yet been proved. The guinea-pig 
and rabbit gained little iron during the first 15 days of their lives, but the former 
only increased in weight from 80 to 112g. Although the latter was born with 
a large ‘store’ of iron in its liver, very little of it was withdrawn, and the fall 
in concentration of iron in the liver was due solely to the growth of the organ. 
The rabbit did not increase in weight so much as the rat or mouse, but since’ 
it absorbed so little iron the percentage of iron in the whole body fell more 
than it did in these other animals. 


TasB_E 2. Distribution of iron in the bodies of cats 


Newborn 3 weeks 6 weeks - Adult 
Body weight (g.) 117 341 680 . 2812 
Fe in nd (mg./100 g. fat-free | 5-70 5-17 6-26 6-73 
tissue 
Fe in blood (mg./100 g. blood) 32-2 7-1. 30-2 29-3 
Inorganic Fe in liver 25-3 9-3 8-2 25-5 
(mg./100 g. liver) 
Fe in remainder of body 1-44 2-62 3-24 3-48 
(mg./100 g. fat-free tissue) 
Percentage of body iron in blood 54 44 45 34 
Percentage of body iron in liver 22 8 6 14 
Percentage in other parts of body 24 48 49 52 


Results for the kitten are shown in Table 2, and some figures for adult cats are 
included. This animal has a much longer suckling period than any of those in 
Table 1, during which its birth weight increases roughly 6 times. The total body 
iron increased by almost the same amount, but changes took place in its 
distribution. The fraction in the blood fell, whereas that in the rest of the body 
rose. The figures obtained for the liver show that iron did not accumulate there. 
Much of the iron absorbed, therefore, must have been deposited in the bone 
marrow and in the muscles. Neither Fontés & Thivolle (1925a) nor Lintzel 
et al. (1944) found the iron in the bodies of kittens to increase much during 
suckling. Lintzel et al., who found a very high percentage of haemoglobin in 
the blood at birth and a rather high blood volume, considered that this was the 
‘store’ of iron for the suckling period. The present results, therefore, are rather 
different, but they bring the kitten more into line with the rat, the puppy and 
the mouse. 

Data for the pig are shown in Fig. 1, and the paper by Venn e¢ al. should be 
consulted for details. This animal quadruples its birth weight in 21 days, and 
during this time was found to increase the amount of iron in its body 7 times 
when it was allowed free access to soil and pasture. Even in a concrete sty 
the amount of iron in the body increased considerably more than could be 
accounted for by the mother’s milk. Fig. 1 shows how the percentage of iron 
in the fat-free body of the pig changed during growth, and also the distribution 
of iron in the body of growing pigs which were kept in clean concrete sties. 
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The fraction in the blood and liver fell at the height of the dnaemia. By 
8 weeks the distribution had returned towards that at birth and then, as the 
pigs grew, the percentage of body iron found in the blood fell steadily whereas 
that in the muscles and extrahepatic parts of the body rose. This change in the 
distribution of the body iron is probably common to all growing mammals. 


_ mg. of Fe/100 g. of 
fat-free tissue 
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Age (w 
Fig. 1. The effect of age on the amount and distribution of iron in the bodies of pigs. Above: 
variations in the amounts of iron per 100 g. of fat-free tissue. Below: proportions of the total 
body iron found in the blood, the liver and other tissues. 
DISCUSSION 
A. Metabolic considerations : 
In the light of the previous literature and the present results the requirements 
and acquisition of iron during suckling may be discussed under five headings. 
(1) Rate and extent of growth. This is important because, unless the animal 
has a large available store of iron at birth, the greater the rate and extent of 
growth the greater the healthy animal’s demand for iron. The growth rates of 
the different species during suckling may be compared in various ways, and 
the two most useful for the present discussion are shown in Table 3. The first 
column gives the ratio of the body weight at the end of suckling to the body 
weight at birth, and the second the daily increase in body weight during suckling 
expressed as a percentage of the weight at birth. The table brings out clearly 
the difference between such animals as the guinea-pig and the mouse. 
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: TABLE 3. Rate of growth during suckling 


Ratio of in weight as 
At end of suc tage of 
At birth weight 
Mouse 5-9 33 
Rat 47 25 
Guinea-pig 1-4 2-7 
Rabbit 3-4 16-2 
Cat 5-8 11-5 
Pig 16-5 
Human 2-0 0-55 


(2) Iron in the body at birth. This is easily determined in small animals. 
The absolute amount depends greatly upon the size of the animal, but the 
quantity of iron per 100 g. of newborn animal is much less variable. It is about 
twice as high in the rabbit as in other animals, and this is mainly due to the 
large amount of inorganic iron in the liver. In no other animal except the pig 
does the figure lie outside the range of 5-70-6-97 mg./100 g. of fat-free tissue, 
and this range also holds for the adults. In the pig the figure is only 2-97 mg. at 
birth, but it rises by adult life to more than 7 mg./100 g. 

(3) Avadlable stores of iron. The ‘store’ of inorganic iron in the liver is generally 
drawn upon during suckling. The amount there should be enough to maintain 
the suckling rabbit in health, but it is not utilized, and in other animals like the 
mouse, rat or kitten the amount in the liver is a much smaller proportion of 
the body iron and quite insufficient in, say, the mouse for the demands created 
by the increase in body weight during suckling (Table 3). If for some reason — 
such as anoxaemia im wero an animal were born with more haemoglobin per 
100 c.c. of blood, or with a greater blood volume, than was subsequently 
required, then the surplus haemoglobin might be regarded as a ‘store’, but 
if this ever happened one would expect it to show itself as a high figure for the 
percentage of iron in the body at birth. 

(4) Sources of iron. The iron absorbed and retained by the suckling animal 
may come from the milk or from other material ingested. The milk of some 
animals, particularly the large domestic ones, contains very little iron, but the 
iron in milk evidently constitutes an important source of iron for the rat and 
probably also for the mouse, kitten and puppy. Why, therefore, does it not do 
80 for the rabbit or the pig? Does the milk of the rabbit contain much less iron 
per 100 c.c. or per 100 cal. than that of the rat or the dog? Or does the young 
rabbit absorb iron much less readily? These are problems still to be solved, but 
rat’s milk contains 10 times as much Fe as cow’s milk (Cox & Mueller,1937), 
and if it is worth comparing the results of two independent nineteenth-century 
investigators (Bunge, 1889; Abderhalden, 1899) dog’s milk may contain 
0-9 mg. of Fe/100 c.c. and rabbit’s milk only 0-12 mg. The milk of the sow 
contains no more iron than that of the cow and is quite inadequate for the 
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requirements for a healthy rapidly growing piglet. This animal depends upon 
extragalactic sources which only became obvious when piglets were reared for 
commercial reasons in unnatural surroundings. 

(5) The margin of safety. The bodies of most if not all species show some 
reduction in the percentage of iron towards the close of the suckling period, but 
this may not be enough to impair efficiency. The amount of reduction which an 
animal can stand without loss of efficiency probably varies from species to 
species and has not been investigated in many. The piglet may appear quite 
lively even when its haemoglobin is very low, but it soon shows a loss of 
efficiency. This animal, however, has no surplus of iron in its body at birth. 
In fact, a comparison of the percentage of iron in the bodies of newborn and 
adult pigs suggests that even at birth the percentage of iron in the body may 
be suboptimal. Who can say, however, whether the reduction in the percentage 
of iron in the body of the suckling rat handicaps it in any way? Would suckling 
rats grow much better if they were given an iron supplement? 


B. The special case of man 

Each species has its own peculiarities, and there are special difficulties in 
working out the iron metabolism of the human infant. Not the least of these 
is the impossibility of making full analyses, preceded by determinations of the 
blood volumes at various ages. If the available data, however, are considered 
under the above five headings, the position becomes much clearer. (1) The 
rate of growth of the human infant during suckling is slow and its extent small. 
If it be assumed that the weight of a full-term baby is 3-5 kg. at birth and 
7 kg. at the age of 6 months, the weight has only to be doubled in this time, 
a daily increment of 0°55% of the birth weight. The figure for a premature 
infant may, however, be twice as high. (2) Fullerton (1937) considered that 
a full-term baby contains 450 mg. of Fe. He reached this figure by assuming 
a blood volume of 14:7% of the body weight (Lucas & Dearing, 1921) and a 
Hb of 21-6 g./100 c.c. There is reason to believe that 450 mg. was too high, for 
Waugh, Merchant & Maughn (1939) found the Hb at birth to average only 
15-6 g./100 c.c., and no other workers have obtained figures as high as Lucas & 
Dearing for the blood volume at birth. De Marsh, Windle & Alt (1942), for 
example, considered it likely to lie between 10 and 11% of the body weight. 


Widdowson & Spray (1951) found that six full-term newborn infants contained | 


an average of 274 mg. of Fe. The figures varied from 201 to 372 mg., but the 
average agrees reasonably well with other estimates based on direct analysis, and 
is probably a representative one. Widdowson & Spray’s data also enable one to 
give a reliable figure for the amount of Fe in a premature baby of any particular 
body weight. The amount falls to 106 mg. in a baby of 1500 g. (3) The liver 
at birth contains no more than 30-50 mg. of inorganic iron which can be 
utilized for growth (Widdowson & Spray, 1951). This is only some 15% of the 
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total body iron and cannot constitute an important supply. The blood of the 
newborn baby has been held to constitute the iron ‘store’ (Stearns & McKinley, 
1937), but reasons have already been given for thinking that the blood at 
birth contains much less iron than was generally believed. There can be no 
large ‘store’ of iron in the full-term human infant for the fat-free body contains 
only 9 mg./100 g., a figure little higher than that of a premature baby weighing 
1500 g. or of other mammals without a ‘store’, and much lower than that of 
the rabbit. The amount of iron found in the fat-free body tissue of human 
adults was 6-9 mg./100 g. (Widdowson, McCance & Spray, 1951), and this also 
indicates that there is no great ‘store’ at birth. (4) Human milk has been found 
to contain 0-09-0-2 mg. of Fe/100 c.c. (McCance, Sheldon & Widdowson, 1934; 
Cox & Mueller, 1937; Davies, 1939; Shohl, 1939). If all other sources be excluded 
and if the baby be assumed to take 800 c.c. of milk/day throughout the whole 
of the first 6 months of its life, the iron obtainable from this source might 
amount to 290 mg., but this is a generous figure, and no baby could absorb and 
retain 100% of the iron in its food. If it be assumed that a healthy baby aged 
6 months should contain as much iron/100 g. of fat-free tissue as an adult, and 
if such a baby be supposed to weigh 7 kg. of which 16% is fat, the total amount 
of iron in it would amount to about 400 mg. In 6 months, therefore, the healthy 
baby should not require to absorb and retain more than 400—274=126 mg. 
This increment seems small compared to the amount in the body at birth. 
It is relatively much smaller than those of other animals, because the growth 
tate of the baby is so much slower, and it might well be obtained from an 
intake of 290 mg. (5) if the requirement of the human is relatively small, the 
work of Mackay (1931) and others (Fullerton, 1937; Mackay, Dobbs, Bingham 
& Martin, 1946) has conclusively proved that the margin of safety is also small. 
It should be remembered, however, that the search for loss of efficiency has 
been much more thorough in human than in non-human ‘babies’, and also 
that the rearing of premature infants has increased the chances of finding it. 
While therefore a loss of physiological efficiency due to a failure to absorb 
enough iron is a very real danger in man, careful observation may reveal that 
it is quite as Common in animals. So far only the gross acini in the growing 
tt have attracted any attention. 


SUMMARY 
1. The total quantity of iron in the bodies of mice, rats, kittens and pigs 


“increased greatly during suckling. 


_ 2. The evidence is that mice, rats and kittens obtained this iron from their 
Mothers’ milk, but that piglets obtained most of it from their surroundings. 
3. The liver of the rabbit contained unusually large amounts of iron at birth, 
‘but this iron was not withdrawn during suckling and since little iron was ab- 
sorbed the animals became anaemic. 
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4. The percentage of iron in the liver always fell during suckling but this 
was partly due to the growth of the organ. Except in the rabbit the total 
amount in the liver at birth was quite a small fraction of the total body 
iron. 

5. The percentage of the body iron found in the blood of kittens and piglets 
fell during growth and the percentage in the extravascular extrahepatic tissues 
rose. 

6. The healthy human infant should probably increase the iron in its body 
by some 40% during suckling, and might obtain this iron from its mother’s 
milk. 
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THE LOSS OF HEAT FROM THE HANDS AND FROM 
THE FINGERS IMMERSED IN COLD WATER 


By A. D. M. GREENFIELD, J. T. SHEPHERD anv R. F. WHELAN 
From the Department.of Physiology, The Queen’s University of Belfast 
(Received 10 June 1950) 


The calorimetric method has recently been applied (Greenfield & Shepherd, 
1950) to the study of the vasodilatation induced in the finger tip by immersion 
in cold water (Lewis, 1930). In the course of these observations it was 
found that the heat loss from the terminal 2-8 cm. of the index finger (hereafter 
called the finger tip) immersed in water at 0-6° C. varied in different subjects 
from 1100 to 3400 small calories (cal.)/100ml. of tissue/min. at the height of 
cold vasodilatation. During the first hour of immersion the total heat loss was 
as much as 3-8 large calories (kg.cal.). If, when the whole hand is immersed, 
the heat loss were proportional to that from the finger tip, it would in some 
persons amount to as much as 840 kg.cal./hr. However, there are reasons, 
considered later, for expecting the heat loss from the whole hand to be pro- 
portionately less than that from a single finger tip. The experiments now 
described show that this is in fact the case. Observations have been made on 
the heat loss from the whole hand, and also from the four fingers. | 


METHODS 


The calorimeters used were of the vacuum jar type described by Greenfield & Scarborough (1949). 
The calorimeter employed in the 0-6° C. range had the electric heating coil disconnected; that 
employed in the 29-32° C. range had the coil in operation. In experiments where the whole hand 
was observed no other modifications were made. When the fingers only were observed, a transverse 
shelf was arranged 9 cm. below the under surface of the lid of the calorimeter (Fig. 1). A post, 
8om. high, was erected on this shelf. The calorimeter was filled to the top of the post, a volume 
equal to that of the fingers to be immersed was removed, and the fingers inserted until the tip of 
the middle one rested on the shelf. The position of this finger tip on the shelf was maintained by 
& wire ring. When the fingers were in cold water and sensation numbed, this ring prevented the 
finger slipping off the shelf. The temperature of the calorimeter contents, registered by a thermo 
meter graduatdd in hundredths of a degree C., was recorded at intervals of 1 min. On the seale 1° C. 
measured 7-5 om., and an attempt was made to estimate the temperature to a thousandth of a 
degree Centigtade. Observations of the heating rate of the calorimeter showed that our readings 
agreed within +2 milli® C. of the average rate. It was only necessary to measure differences of 
temperature with great accuracy. 
comparable confidence. 
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Measurement of volumes of fingers and hand. The volume of the fingers was measured by inserting 
them into a narrow oval vessel until the middle finger touched the bottom. The vessel was then 
filled to a depth of 8 om., the fingers removed and the volume of water needed to restore the depth 
to 8 cm. was measured. | 

The volume of the hand was measured by the method of Greenfield & Scarborough (1949). 
This method is accurate to +10 ml. (McCorry, 1950). 
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Wall of Shelf Ring for 
‘thermos’ suspended from finger tip 
jar top of jar 


Fig. 1. A section through the top of the calorimeter to show the four fingers in position, the middle 
finger resting on a shelf 8 cm, below the water level. The thermometer and stirrer are not 
shown. 


Measurement of the surface area of immersed tissue. Two methods were used: (a) A comfortably 
fitting rubber glove was marked at the various levels of immersion. It was then cut up and the 
parts which had been immersed were weighed. These weights were then compared with the weight 
of a known area from the same glove, The weights of equal areas from different parts of the glove 
agreed to within 5%. (b) Adhesive plaster was carefully applied, and while in position marked 
at the various levels of immersion. It was then removed, cut up, and the parts weighed. A measured 


area of the same plaster was also weighed. In both cases areas were deduced from the weight of 
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HEAT LOSS FROM THE HAND 


RESULTS 
Heat loss from the hands to water at 0-6° ©. 


: The standard procedure was to immerse the hand in a water-bath at 29° C. 


for at least 20 min. and then to dry it and transfer it to a calorimeter, the 
contents of which were at about 1° C. The other hand was similarly treated, 
but was inserted about 5 min. earlier into another calorimeter containing water 
at about 29° C. The measurements on this hand indicated the general level of 
vasomotor tone. 

Heat loss from a hand with the circulation arrested. The immersion of a hand 
with the circulation arrested in water at about 1° C. is extremely painful, and 
observations were made on two occasions only. The results of one of these 
experiments in which the subject kept his hand in the water for 11 min. are 


_ shown in Table 1. The rate of heat loss had fallen in the 8th min. to less than 


one-tenth of its value in the 1st min. The heating rate of the calorimeter was 
12 milli® C./min. in the period before immersion of the hand (Table 2, column 3). 
A constant correction of —12 milli° C. has been applied to the remaining 
figures in the column to obtain the temperature rise due to the immersed hand 
(column 4). No serious error is involved in assuming a constant heating 
correction. | 
The results of this experiment, which are similar to those of the other com- 
parable experiment, have been employed to arrive at the heat loss from the 
circulating blood in the main series of experiments. There are five difficulties in 
so employing these results: (1) Although the hands in this and in the other 
experiments were equilibrated with water at 29° C. for at least 20 min., it is 
unlikely that at the end of this time the internal temperature of the hands was 
29° C. (Barcroft & Edholm, 1943). It cannot even be assumed that the internal 
temperature was the same on different occasions, as it must have depended on 
the state of the circulation at the time. (2) Results obtained in this way on 
one person may not in fact be strictly applicable to other persons’ hands. It is 
thought unlikely, however, that the thermal conductivities and specific heats 
of different hands vary enough to make this objection important. (3) No 
figures are available after the 11th min. when the heat output from the hand 
with the circulation arrested was 31 cal./100 ml./min. We have assumed that 
the heat loss continued at this rate, although in fact it must have fallen further. 
(4) In our calculations it is assumed that the hand cools to the calorimeter 
temperature. In fact it does not do so if the circulation is free. Even with the 
circulation arrested, the hand takes a long time to come into equilibrium with 
cold water in a calorimeter. For example, by the 6th min. (Table 1) the total 
heat output from 100 ml. of hand was 1126 cal., and by the 10th min. 1309 cal. 
Assuming a specific heat: of 0-71 and a specific gravity of 1-13 (Stewart, 1911), 
one would expect 385 ml. of hand at 29° C., when inserted into 4000 g. of water 
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at 1-741° C., to come into equilibrium at a final temperature of 3-69° C., the 
hand releasing 2031 cal./100 ml. in so doing. It follows that at the 6th min. 
the hand had given up only 55-4% and at the 10th min. only 64-4% of the 


Taste 1. Calorimetric observations on the left hand of R. F. W., with the circulation arrested. 
At —1 min. the hand was removed from a water-bath at 29°C. with which it had been equili- 
brated for 20 min. and dried. At — 0-5 min. a cuff was inflated on the left arm to 250 mm. Hg. 
At 0 min. the hand was inserted in the calorimeter. Hand vol. 385 ml. Water equivalent of 
calorimeter and contents (other than immersed hand) 4000 g. 3 


Temperature rise Heat t from 


Calorimeter due toimmersed imm hand | 
temperature Tem rise hand (cal./100 ml. 
Time in min. (°C.) (milli® C./min.) (milli°C./min.) hand/min.) 
-1 1-729 12 0 0 
0 1-741 12 0 0 
1 2-205 464 452 470 
2 2-450 245 233 
3 2-614 164 152 158 
4 2-730 116 104 108 
5 2-822 92 80 83 
6 2-895 73 61 63 
7 2-961 66 54 56 
8 3-015 OF 42 44 
9 OF 42 44 
10 3-119 50 38 39 
ll 3-161 42 30 31 


Observations discontinued at the 11th minute because of very severe pain. 


Tas_zE 2. Calorimetric observations on the left hand of R. F. W., with the circulation free. At 
—1 min. the left hand was removed from a water-bath at 29°C. with which it had been 
equilibrated for 30 min. and dried. At 0 min. it was inserted in the calorimeter. Hand 
vol. 450 ml. Water equivalent of calorimeter and contents (other than immersed hand) 
4000 g. 

Heat output Heat output 
Temperature from immersed due to blood 
Calorimeter risedueto hand(cal./ flow (cal./ 


temperature immersed hand 100 ml. hand/ 100 ml. hand/ 

Time in min. (°C.) (milli® C./min.) (milli° C./min.) min.) min.) 
-l 0-612 12 0 0 0 
0 0-625 13 0 0 

1 1-100 475 463 412 ( -— 58) 
2 1-400 300 288 12 
3 1-585 185 173 153 on (-5) 
4 1-718 133 121 109 ' 1 
5 1-836 118 106 94 ll 
6 1-941 105 93 82 19 
7 2-071 130 118 105 49 
8 2-245 174 162 144 100 
9 2-465 220 208 186 142 
10 2-739 274 262 233 194 
1] 2-990 251 239 213 182 
12 3-240 250 238 212 —_ 


expected total. The average internal temperature of the hand at the 6th and 
at the 10th min. were, by calculation, 14-9 and 12-6° C. respectively. Thus the 
hand equilibrates much more slowly than the finger tip, which was found by 
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the total heat loss from the hands. 
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Greenfield, Shepherd & Whelan (1950) to come within 2% of equilibrium by 
the 7th min. It follows from this that the heating of the hand by warm blood 
commences at a time when the hand is still considerably above the calorimeter 
temperature. The amount of heat derived from the cooling of the hand with the 
circulation free (omitting any heat from circulating blood) is therefore less 
than that derived from the cooling of the hand with the circulation arrested; in 
the former case the hand does not cool to so low a temperature as in the latter. 


Minutes Minutes 


Fig. 2. The heat loss from the left hand of R. F. W. into a calorimeter in the 0-6° C. range (left 
rectangle) and from the right hand into a calorimeter in the 29-32° C. range (right rectangle). 
The left hand was transferred from water at 29° C. to the calorimeter at 0 min. On the left 
side, the upper line represents the total heat loss, and the black area the deduced heat loss 
from the circulating blood. Heat loss is expressed in cal./100 ml./min. The calorie scales differ 
on the two sides, but have been chosen so that the scales of minimum blood flow correspond. 
The minimum blood flows have been calculated as described in the text and are expressed 
in ml./100 ml./min. Pain is shown on a roughly quantitative scale at the top of the 
figure. 


The deduction we have made (Table 2, columns 5 and 6) for the heat due to the 
cooling of the hand is therefore too large, and it follows that on this count we 
underestimate the amount of heat derived from the circulating blood. (5) We do 
not know the amount of metabolic heat formed under the condition of our 
experiments. If we accept Stewart’s (1911) figure of 5 cal./min. for the whole 
hand, it is clear that the metabolic heat is very small compared with the heat 
losses observed in our experiments. 

It is unlikely that the errors mentioned seriously upset our estimate of the 
heat derived from the circulating blood. They in no way affect our figures for 
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M.F.R. 


Fig. 3. The heat loss from the hand of four normal subjects into water in the 0-6° C. range. The 
experiment on R. F. W. is the same as that shown with the scales fully marked in Fig. 2. 
The conventions in the other figures are the same. That is, on the 0—-6° C. side the marks are 


at 500 and 1000 cal./100 ml. hand/min. and on the 29-32° C. side at 100 and 200 cal./100 ml. 


hand/min. In every case the full width of each rectangle represents 45 min. 


0-6°C. 29-32°C. 


M.F.R. 


1000 


0: — 


Fig. 4. The heat loss from the distal 2-8 om. of the index fingers of M. F. R. into water in the 
0-6° C. range (left figure) and into water in the 29-32° C. range (right figure). The heat loss 
has been expressed in the same way as in Fig. 3 and the scales are identical. 
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hand seith the cireulesion fres. In all experiments one hand 
was observed in a calorimeter at 29-32° C. (Cooper, Cross, Greenfield, Hamilton 
& Scarborough, 1949) before and during observations of the other hand in 


29-32°C. 29-32°C. 0-6°C. 


A.D.M.G. 


J.T.S. 


The conventions are as in Figs. 2 and 3. A. D. M.G., R. F. W., J. T.S., left fingers cold; 
M. F.R., J. H.C., A. R., right fingers cold. 


a calorimeter at 0-6° C. The observations on the cold side in the initial period 
of a typical experiment are shown in Table 2. It can be seen that in the first 
4 min. of immersion in the cold water, the amount of heat given off per 100 ml. 
of immersed hand was little different whether the circulation was free or arrested. 
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In the 1st and 3rd min. more heat was given off with the circulation arrested ; 
it is difficult to explain these discrepancies, which were greater in this experi- 
ment than in most of the others. Clearly the blood flow must have been 
negligible during this period. 

After the 5th min. an increasingly large amount of heat was lost when the 
circulation was free, reaching a peak at 10 min. and then slowly declining. 
The experiment was terminated at the 28th min. because the calorimeter 
temperature had risen above 6° C., the limit of the thermometer scale. The 
results of this experiment are shown in Fig. 2. 

We do not know the temperature of the arterial blood arriving at the hand 
or of the venous blood leaving it. It is impossible therefore to calculate 
accurately the hand blood flow from the heat exchange. If we assume that the 
blood arrives at 37° C. and leaves at 0° C., we can arrive at a figure which we 
call the ‘minimum blood flow’ and which we are certain is less than the real 
blood flow (Greenfield & Shepherd, 1950). The second scale in Fig. 2 shows the 
minimum blood flow calculated on this basis. 

The results of this and three similar experiments are shown in Fig. 3. After 
immersing the hand in cold water the heat elimination from the circulating 
blood was small or negligible for about 5 min. and then rapidly increased. It 
reached a maximum by the 7th-10th min. and then either declined slowly or 
remained fairly steady. All these experiments had to be ended when the 
temperature of the water in the calorimeter had reached 6° C. Pain started 
almost immediately after immersing the hand and was very severe until the 
heat elimination began to rise. Occasionally pain was absent during the 
remainder of the experiment, but more often a dull ache persisted or came on 
towards the end. The changes in heat loss on the control side in a calorimeter 
at 29-32° C. often reflected the changes on the cold side. The initial insertion 
of the hand into the cold water caused a transient decrease in the heat loss 
from the opposite hand, which we interpreted as being due to reflex vaso- 
constriction. 

The heat loss from unit volume of hand is much less than from unit volume 
of finger tip. Fig. 4 shows the heat loss from the finger tip of M.F.R. measured 
by the method of Greenfield & Shepherd (1950). This result is typical for a 
finger tip immersed in water at 0-6° C., and when compared with the result 
obtained for the whole hand of this subject (Fig. 3) shows that the maximum 


heat loss from the finger tip in cal./100 ml./min. was over 10 times greater than 
the maximum from the hand. 


The heat elimination from the fingers to water at 0-6° C. 
The standard procedure was similar to that employed in the case of the hand. 
The hands were immersed in a water-bath at 29° C. for at least 20 min., dried, 
and the fingers inserted into a calorimeter containing water at about 1° C. 


< 
4 
f 


HEAT LOSS FROM THE HAND 467 


The other hand was similarly treated, but the fingers were inserted about 
5 min. earlier into another calorimeter containing water at about 29° C. 


Tazz 3. Calorimetric observations on the left fingers of A. D. M. G. with the circulation arrested. 
At -2 min. a cuff was inflated on the left arm to 220 mm. Hg. At -1 min. the hand was 
removed from a water-bath at 29°C. with which it had been equilibrated for 20 min. and 
dried. At 0 min. the fingers were inserted into the calorimeter. Finger vol. 64 ml. Water 
equivalent of the calorimeter and contents (other than immersed fingers) 4170 g. 


Temperature Heat output from 


— 
pere em (cal./100 ml. 
Time in min. (°C.) ( fain.) (milli® C, “(milli finger/min.) 
-3 1-715 
-2 1-736 21 0 0 
-1 1-757 21 0 0 
0 1-781 24 0 0 
I 1-955 174 152 990 
2 2-070 115 93 606 
3 2-141 71 49 320 
4 2-198 57 35 228 
5 2-240 42 20 130 
6 2-280 40 18 117 
7 2-315 35 13 85 
8 2-344 29 7 46 


Observations discontinued at the 8th minute because of severe pain. 


Taste 4. Calorimetric observations on the left fingers of A. D, M. G. with the circulation free. 
At -1 min. the left hand was removed from a water-bath at 29° C. with which it had been 
equilibrated for 20 min. and dried. At 0 min. it was inserted in the calorimeter. Finger 
vol, 64 ml. Water equivalent of calorimeter and contents (other than immersed hand) 
4170 g. 

. Temperature Heat output Heat output 
rise due to from immersed due to blood 


temperature fingers 100 
Time in min. (° C.) (milli® min.) (milli* finger finger/min.) 


ag 0-799 19 0 0 0 
~2 0-815 16 0 0 0 
ink 0-837 22 0 0 0 
0 0-855 18 0 0 0 
l 1-048 193 174 1134 144 
2 1-180 132 113 736 130 
3 1-249 69 50 326 6 
4 1-306 57 248 20 
5 1-359 53 34 229 92 
6 1-406 47 28 182 65 
7 1-479 73 54 352 267 
x 1-582 103 84 547 501 
9 1-710 128 109 710 710 
10 1-872 162 143 932 932 
ll 2-020 148 129 841 841 
12 2-195 175 156 1016 1016 


Heat loss from the fingers with the circulation arrested. It is nearly as painful 
to immerse the fingers in water at about 1° C. as it is to immerse the whole 
hand. Observations were made on one occasion only, and the results are — 
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in Table 3. The temperature rise due to the immersed fingers was 152 milli® C. 
in the 1st min., but only 7 milli°C. in the 8th min., by which time it is estimated 
that the heat lost was 96% of the expected total quantity lost in attaining 
equilibrium. 

These figures have been used to calculate, in this and other subjects, the 
heat loss from the circulating blood. After the 8th min. it was assumed that 
all the heat lost from the fingers came from the circulating blood. The errors 
involved in the calculation are similar to those already discussed in the case 
of the hand. They are, however, relatively much smaller. They in no way affect 
our figures for the total heat loss from the fingers. 

Heat loss from the fingers with the circulation free. The fingers of one hand 
were observed in a calorimeter at 29-32° C. before and during observations on 
the other hand in a calorimeter at 0-6° C. The observations on the cold side 
in the initial period of a typical experiment are shown in Table 4. Experiments 
of this kind were carried out on six subjects and the results are shown in Fig. 5. 
Observations were usually continued until the temperature of the calorimeter 
had reached the limit of the thermometer scale, but. in one case (A. R.) they 
were stopped because of a vasovagal attack after immersion in the cold water 
for 17 min. The heat loss from circulating blood was negligible for the first 
5 min. A very rapid increase in the rate of heat loss| followed in all cases, and 
reached a peak at about the 10th min. The subseqhent pattern varied from 
subject to subject. Usually there was a slow d 
with temporary increases. As in the hand, pain was Seyere when the rate of 
heat loss was low, and absent or slight when it was high. initial insertion 
of the fingers into the cold water caused a transient decrease in the heat loss 
from the fingers of the opposite hand. 


Heat loss from the fingers under different environmental conditions 

The heat loss from the fingers of one of these subjects (J. T. 8.) was deter- 
mined on three separate occasions under three different environmental condi- 
tions. These were: (a) Almost naked in a cold room with two electric fans 
directed towards the body and with both feet and calves in iced water. The 
whole length of each arm down to the fingers was protected with heavy wool 
scarves in order to prevent extra pre-cooling of the arterial blood. (b) Normally 
clothed in a room at 21° C. (c) Wrapped in blankets in a room at 23° C. with 
the feet and calves in a stirred water-bath at 44° C. 

The results of these three experiments are shown in Fig. 6. With the subject 
generally cold (upper rectangles, Fig. 6), while there was practically no heat 
loss from the fingers in a calorimeter at 29-32° C., indicating a state of peripheral 
_ vasoconstriction, a slight transient vasodilatation still occurred in the opposite 

fingers immersed in a calorimeter at 0-6° C. This was only sufficient, however, 
to cause a temporary reduction in the severe pain, and the experiment had to 
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rol Fig. 6. The heat loss from the four fingers of J. T. 8. into water in the 0-6° C. range under three 

lly different environmental conditions. Top figure: almost naked in a cold room with two electric 

ith fans directed towards the body and with both feet and calves in iced water. The whole length 

of each arm down to the fingers was wrapped in heavy wool scarves. Middle figure: normally 

t clothed in a room at 21° C. Lower figure: wrapped in blankets in a room at 23° C. with the 

“ feet and calves in a stirred water-bath at 44° C. The conventions are as in Figs. 2 and 3, but 

pat the height of the lower figure has been increased without changing the scales. 

ral Fig. 7. Simultaneous observations of the heat Joss from the four fingers of the right and left. hands 

ite into water in the 0-6° C. range. The conventions are as in Figs. 2 and 3. 

er, Fig. 8. Simultaneous observations of the heat loss from the hands of A. D. M. G. into water in the 
to 0-6° C. range. The conventions are as in Figs. 2 and 3. 
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be terminated after the 19th min. The maximum heat loss was 350 cal./100 ml. 
finger/min. 

With the subject comfortably warm (middle rectangles, Fig. 6) the heat loss 
following the initial decrease reached 460 cal./100 ml. finger/min., and varied 
between 300 and 480 throughout the remainder of the experiment. Under these 
conditions the fingers were painful for the first eleven minutes only. 

When the subject was very warm (lower rectangles, Fig. 6) the heat loss 
from the circulating blood was high in the first 5 min. It then fell, but never 
to zero, and at the 9th min. began to increase rapidly, reaching a value of 
1580 cal./100 ml. finger/min. by the 16th min. The limit of the thermometer 
scale was reached at the 25th min. The pain was only severe in the 7th and 
8th mins. and disappeared completely at the 10th min. From the 12th min. 
onwards the fingers on the cold side felt warmer than the opposite fingers 
which were in water at 29-32° C. 


Simultaneous observations of the heat loss on the two sides 


In two subjects the heat losses from the fingers of the right and left hands 
were compared simultaneously at 0-6°C. (Fig. 7). While there were slight 
differences, the general behaviour was symmetrical. The response of the two 
hands of these subjects was also compared in the same temperature range 
(Figs. 8, 9) with similar results. 

In all these experiments, when the cold vasodilatation started, the pain in 
the fingers or hand became less severe or disappeared. At the same time a 
sensation of cold, and often of pain, was felt just above the water level, and 
mainly on the dorsum of the hand or wrist. This gradually spread up the arm; 
the pain usually subsided in a few minutes, but the sensation of cold usually 
persisted. The rate of heat loss showed that the circulation was completely or 
almost completely arrested for the first 5 min. Little or no cold blood would 
therefore return in the veins during this time. When the vasodilatation started, 
very cold blood would flow up the veins in large quantities. It seemed likely 
that this was the explanation of the sensations. To test this hypothesis the 
temperature of the skin over a prominent dorsal vein, about 5 cm. above the 
water level, was measured with a thermoelectric junction held in place by one 
layer of adhesive plaster; one junction was on the side with the fingers or hand 
in water at 0-6°C. and another on the control side at 29-32°C. In seven 
experiments on six subjects the temperature on the control side remained at 
a more or less constant level about 29° C. throughout the experiment. On the 
side with the fingers or hand in the calorimeter at 0-6° C., the temperature 
remained nearly constant at about 29° C. during the initial period, when the 
measurements of heat loss showed that blood flow was very small. It then 
dropped sharply to 15-19° C. over the next 5-11 min. as the cold vasodilatation 
started and the calorie output increased. This drop in temperature was ac- 
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companied by a sensation of cold and often of pain in the dorsum of the hand. 
During the remainder of the experiment the temperature fell a further 2-3° C. 

In one of the two experiments in which both hands were immersed in calori- 
meters at 0-6° C. recordings were made of the oesophageal temperature as well 
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0 5 10 15 20 25 
Time in minutes 


Fig. 9. Simultaneous observations of the heat loss in cal./100 mi./min. from the two hands of 
R. F. W. into water at 0-6° C. The temperature of a thermoelectric junction applied to the 
skin over a vein on the dorsum of each wrist is shown below the graph of heat loss from the 
corresponding hand. The temperature of a thermoelectric junction in the oesophagus 40 cm. 
from the incisor teeth is shown at the bottom. 


3549 


as of the skin temperature over a large wrist vein on each side. The former was 
measured by a thermoelectric junction in the end of a Ryle’s tube 40 cm. from 
the incisor teeth. Readings were accurate to +0-03° C., and the system was 
calibrated before and after the experiment. The results are shown in Fig. 9. 
During the initial period, when the pain was at its maximum and the heat loss 
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from circulating blood negligible, the skin and oesophageal temperatures 
remained unchanged. At the 5th min., when the heat loss indicated vasodilata- 
tion, the pain left the hands and moved into the wrists and arms which now 
felt cold. At the same time the temperature of the skin over the wrist veins 
began to drop, falling 10°C. in 4 min. At the 7th min. the oesophageal 
temperature began to fall from 36-5° C., reaching 35-95° C. 8 min. later. This 
shows that a large volume of cold blood was returning to the body. The oeso- 
phageal temperature rose from the 15th min. until the end of the experiment, 
when it was 36-1° C. There was no shivering, but the subject felt an involuntary 
increase in muscle tension which may have contributed to this small rise in 
temperature. 


A comparison of the heat elimination from the finger tip, fingers and 
hand at the height of cold vasodilatation 

Fig. 10 shows the heat losses in calories per minute from the whole hand, the 
four fingers of one hand and one finger tip when immersed in a calorimeter at 
0-6° C. All figures refer to heat loss at the height of cold vasodilatation. The 
values for the finger tip are taken from a previous paper (Greenfield & Shepherd, _ 
1950). Little more heat is lost from the whole hand than from the four fingers, 
but the whole hand loses about eight times as much heat as does a single finger 
tip. In Fig. 11 the same results are shown, but the heat loss has been expressed 
in cal./100 ml. tissue/min. It is clear that the finger tip loses more heat per unit 
of volume than do the four fingers. The four fingers in turn lose more heat than 
does the whole hand. 

In one subject (J. T. 8.) the surface areas of the immersed parts have been 
measured by the two methods already described. These showed respectively 
that the distal 2-8 cm. of index finger was 2-85 or 2-7 % of the total area of the 
hand, and that the area of the immersed parts of the four fingers was 30 or 
27-7 % of the total area of the hand. The averaged results by the two methods 
were, for the finger tip 14-5 sq.cm., for the four fingers 151 sq.cm., and for the 
whole hand 523 sq.cm. The heat losses to water at 0-6° C. at the height of cold 
vasodilatation in this subject were for the finger tip 6-9, for the four fingers 
2-45, and for the whole hand 1-1 cal./sq.cm./min. The finger tip, therefore, loses 
more heat per unit of area, as well as per unit of volume, than do the four 
fingers; these in turn lose more heat than does the whole hand. 


DISCUSSION 


The heat loss from the terminal 2:8 cm. of the index finger immersed in water 
at 0-6° C. varies at the height of cold vasodilatation from 1100 to 3400 cal./ 
100 ml./min. (Greenfield & Shepherd, 1950). If, when the whole hand is 
immersed, the heat loss were proportional to that of the finger tip, it would 
amount on the average to 530, and in some persons to as much as 840 kg.cal./hr. 
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In fact, however, at the height of cold vasodilatation we find that the average 
heat loss from the four fingers is only 36, and from the whole hand only 


1500 
Hand N; fingers Finger tip 


Large calories/ hr. 


ALAA 


0 
A.D.M.G. JTS. RAW. MER. JHC. AR. 


Fig. 10. The heat losses from (a) the whole hand (black columns), (b) the four fingers (oblique 
hatching) and (c) the distal 2-8 om. of the index finger (clear columns) of six normal subjects. 
Heat loss is expressed in small cal./min. (not small cal./100 ml. tissue/min.) and in kg.cal./hr. 
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Fig. 11. The heat losses from (a) the whole hand (black columns), () the four fingers (oblique 
hatching) and (c) the distal 2-8 om. of index finger (clear columns) of six normal subjects. 
Heat loss is expressed in small cal./100 ml. of tissue/min. 

48 kg.cal./hr. There are two main reasons for these differences. First, the 

circulation through the fingers is capable of passing a great deal more blood 
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per unit volume per minute than that through the whole hand (Wilkins, 
Doupe & Newman, 1938). Secondly, more heat may be lost from unit 
volume of blood passing through the finger than through the hand. The absolute 
quantity of heat lost from a single finger tip is only about one-eighth of that lost 
from the whole hand (Fig. 10). The returning venous blood from a single finger 
tip may therefore be expected to cause less cooling of the arm and hence less 
pre-cooling of the arterial blood. 

There is no doubt that the fingers and the whole hand are capable of cold 
vasodilatation. The extent of the response is modified by the level of peripheral 
vasodilatation or constriction as judged by the heat loss from the control side. 
It still occurs, however, in spite of marked general vasoconstriction due to 
cooling of the body as a whole (Fig. 6). 

Without an accurate knowledge of the temperature of the blood entering and 
leaving the hand when immersed in water at 0-6°C. we cannot translate 
figures for heat loss into actual blood flow. The minimum figures we have 
calculated (Fig. 2) on the basis of blood arriving at 37° C. and leaving at 0° C. 
are almost certainly much too small. Bazett, Love, Newton, Eisenberg, Day & 
Forster (1948) have recorded temperatures as low as 21-5°C. in the radial 
artery of a subject in a room at 9° C. This suggests that in our experiments the 
temperature in the radial artery on the cold side may have been well below 
37° C. The temperature of the skin over the dorsal veins (Fig. 9) suggests that 
the temperature of the blood leaving the hand was considerably above 0° C. 

Measurements of heat loss when the hands or the fingers are immersed in 
water at 0-6° C. suggest that there is initially almost complete arrest of the 
circulation, followed, after 5-7 min., by a large flow of blood. This deduction is 
_ supported by observation of the oesophageal temperature and of the skin 
temperature over the dosal veins proximal to the immersed area. 

Because of the thermal lag of the system, the actual rate of change in blood 
flow is probably much greater than would appear from the figures. The thermal 
lag is mainly in the immersed tissues. The calorimeter and thermometer settle 
within one minute at a new temperature after a suddenly imposed temperature 
change. The release of heat from the hand (Table 1) or from the fingers (Table 3) 
is much slower. 

The pain on immersing the whole hand in cold water was worse but not very 
much worse than when one finger tip was immersed. It still bore the same 
relationship to the heat loss from circulating blood as it did in the case of the 
tip of the index finger (Greenfield & Shepherd, 1950). That is, pain was felt 
when the loss was low and not when it was high. 


SUMMARY 


1. A method is described for measuring the heat loss from the fingers or 
from the whole hand into water between 0 and 6° C. 
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2. Acomparison of the heat loss with the circulation free and arrested enables 
the heat loss from the circulating blood to be calculated. The uncertainties in 
the calculation are discussed. 

3. There is very little heat loss from circulating blood during the first 5 min. 
of immersion ; the heat loss then rapidly rises to a high value, averaging at the 
height of cold vasodilatation, 200 cal./100 ml./min. in the hand and 877 cal./ 
100 ml./min. in the fingers. The corresponding figure for the distal 2-8 cm. of 
the index finger has previously been found to be 2200 cal./100 ml./min. 

4. The average heat loss from one hand at the height of cold vasodilatation 
is at the rate of 48 kg.cal./hr., and from the fingers of one hand, 36 kg.cal./hr. 
Previous observations have shown that the average loss from the distal 2-8 cm. 
of the index finger is 6 kg.cal./hr. 

5. In one subject, heat loss per sq.cm. was calculated at the height of cold 
vasodilatation from the tip of one finger (6-9 cal./min.), the four fingers 
(2-45 cal./min.) and the whole hand (1-1 cal./min.). 

6. The heat loss is reduced when the subject is generally cold, and increased 
when he is hot. 

7. The heat loss from the hands or fingers of a subject is symmetrical. 

8. The returning venous blood during cold vasodilatation may reduce the 
temperature of the skin overlying veins proximal to the immersed part by as 
much as 10°C. in 4 min. When both hands are immersed, the oesophageal 
temperature may fall 0-55° C. in 8 min. 

9. The relationship of pain to these events is described. 

10. The results show that, at the height of cold vasodilatation, the blood 
flow must be not less than 5-5 ml./100 ml. hand/min. and not less than 
24 ml./100 ml. fingers/min. The flows are probably much greater than this, 
but the available information does not permit a quantitative comparison with 
the maximum blood flow obtainable by other methods of vasodilatation. 


We wish to thank the students who acted as subjects for some of the experiments. 
The thermometers were supplied by Messrs B. Black and Son Ltd., 180 Goswell Road, London, 
E.C. 1. 
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DIRECT DETERMINATION OF MEMBRANE RESTING 
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SINGLE MYELINATED NERVE FIBRES 
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Important conclusions concerning the mechanism of action of excitable tissues 
can be drawn from the values of the resting potential and action potential, and 
from the manner in which these quantities depend on the ionic composition 
of the surrounding fluid (Bernstein, 1912; Hodgkin & Katz, 1949). For this 
purpose, the potentials required are the actual potential differences between 
external fluid and axoplasm (or myoplasm) and ions must have rapid access to 
the surface of the excitable fibres. These conditions have been met for certain 
non-myelinated nerves and for frog muscle, the results being very similar in 
spite of the diversity of the tissues (references and data in Table 2). On the 
other hand, the work of Lorente de Né (1947) suggests that myelinated nerve 
behaves quite differently. His measurements, however, were made on whole 
nerve trunks, so that the diffusion of ions to the surface of the fibres was 
hindered by connective tissue (Feng & Liu, 1949), and the estimates of resting 
and action potential may have been disturbed both by the connective tissue 
sheath (Rashbass & Rushton, 1949) and by the variation in fibre size. The 
present paper describes the measurement of the absolute (‘membrane’) values 
of resting and action potential in isolated myelinated fibres of the frog by a new 
method, while the effects of potassium and sodium concentration on these 
quantities are described in a subsequent paper (Huxley & Stampfli, 1951). A 
short account of this work has already appeared (Huxley & Stampfli, 1950). 
Conventional external electrodes record only a fraction of the membrane 
potential. The most direct way to determine its full value is to use a micro- 
electrode inside the fibre (Hodgkin & Huxley, 1939, 1945; Curtis & Cole, 1940, 
1942; Graham & Gerard, 1946; Ling & Gerard, 1949; Nastuk & Hodgkin, 1950; 
Draper & Weidmann, 1950). The other method which has been used up to now 
is to measure the potential difference between an intact and a depolarized 
segment with external electrodes and multiply the result by the short-cir- 
cuiting factor, which is found from separate measurements of the electrotonic 
spread of an applied current (Hodgkin & Rushton, 1946; Hodgkin, 1947; 
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Lorente de N6, 1947, chap. IX; Katz, 1948). The small size and high electrical 
resistance of a single myelinated fibre make it difficult to use either method in 
this case. We therefore devised a new method which uses external electrodes, 
but which does not require the short-circuiting factor to be known explicitly. 

The principle of our method is illustrated by Fig. 1. The node of Ranvier NV, 
is in Ringer’s solution, while the next more distal node N, is depolarized by 


_ KCL An injury current flows in the circuit ABCEFGA, and is detected by the 


potential drop that it causes between C and E, where the resistance in the 
external fluid is made high. Current is now passed between A and B from an 


external source H, making A positive to B, and thus opposing the flow of injury 


H J 


www 


Fig. 1. Diagram to show principle of method. ABC2, fluid surrounding fibre; FG. axoplasm; 
N,, normal node of Ranvier; N,, depolarized node; H, adjustable source of current; J, ampli- 
fier. The letters correspond to those on Fig. 3. 


current in the rest of the circuit. H is adjusted so that no current is detected 
at CE. B, C, E, F and G must now be equipotential, so that the potential 
difference between A and G—the resting membrane potential at N,—is equal 
to that between A and B, which can easily be measured. The short-circuiting 
factor need not be measured because its value is the same for the potential 
drop applied between A and B as for the membrane potential itself. This 
method has the further advantage that no current is taken from the node N,, 
which remains in good condition for many hours although its neighbour N, is 
completely depolarized. | 

To measure the action potential, a rectangular pulse of current in the 
reverse direction is superposed on the steady current from H. This stimulates 
the node N,, and a monophasic action potential is observed across CE. The 
amplitude of the pulse is then adjusted so that the total current through CZ 
becomes zero at the peak of the action potential. Then, by the same argument 
as was used for the case of the resting potential, the amplitude of the square 
wave of voltage between A and B must be equal to the membrane action poten- 
tial at N,. 

This method is particularly suited to myelinated fibres because the myelin 
sheath keeps a high resistance even when surrounded by isotonic KCl. How- 
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ever, it could probably be adapted for use with a non-myelinated fibre so long 
as the space constant is not too small in comparison with the dimensions of the 
apparatus. 

In addition, a few confirmatory measurements of the ratio of action potential 
to resting potential were made with conventional external electrodes. 


METHOD 
Preparation of single nerve fibres 
Motor fibres were isolated from the sciatic nerves of large specimens of Rana esculenta by the 
method previously described (Stampfli, 19464; Huxley & Stampfli, 1949). A length of 15-20 mn., 
containing 7-10 nodes of Ranvier, was isolated and left attached to the nerve trunk. It was 
measured on an ordinary microscope. Fibre diameters ranged from 12 to 15. (average 13:5 y.) 
and the average distance between adjacent nodes was 2-05 mm. 


Apparatus 


The apparatus was similar in lay-out to that used by us for other experiments (Huxley & 
Stampfli, 1949). Two troughs cut in ‘Perspex’ blocks (Fig. 2) were separated by a partition con- 
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Cover-slip 


A Cover-slip 


Fig. 2. Exploded view of troughs and partition. The numbers refer to the electrodes which 
connect with the holes in the blocks, and correspond to those on Fig. 3. 


sisting of four glass cover-slips and three celluloid spacing pieces. The fibre passed from one trough 
to the other through holes (diameter 110-120 y.) drilled in the cover-slips and through the spaces 
shown in the celluloid pieces. Each of these spaces between two adjacent cover-slips communicated 
by the pathway indicated in Fig. 2 with a channel in one of the ‘Perspex’ blocks so that it could 
conveniently be filled with liquid and, in the case of the left-hand and middle spaces, so that an 
electrode could be connected with it The channel in the right-hand block communicating with the 
right-hand space was connected by a rubber tube to a vessel which could be raised or lowered 
when filling the space with paraffin oil after the fibre was in place. The thicknesses of the parts 
are shown in Fig. 3a, which is drawn to scale. 

To assemble the apparatus, each cover-slip was cleaned in ether and examined under the micro- 
scope to make sure that the small hole was clear. Each spacer was wiped clean and smeared 
lightly with vaseline. The components were then laid on top of one another, with a wire of 100 yu. 
diameter passing through the holes to keep them in line. The ends of the ‘Perspex’ blocks were 
also smeared with vaseline, and the ‘sandwich’ of cover-slips and spacers, with the wire in place 
was squeezed between them by a screw. The wire was then withdrawn. 
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The hole in the end of each trough through which the fibre passed was of square section, as shown 
in Fig. 2, and was polished inside so that the fibre could be observed with a binocular dissecting 
microscope while it was in place. The troughs were mounted on a ‘Perspex’ base-plate which in 
turn stood on a dissecting stage, so that the fibre could be illuminated from below. Dark-ground 
illumination was usually employed in order to see the nodes easily. 


Electrical recording system 
The circuit with which the membrane potential was balanced and measured is shown in Fig. 35. 


The circuit elements representing the fibre, the external fluid and the electrodes are drawn exactly 
above the corresponding parts in Fig. 3a. The detecting instrument J was a differential direct- 


Compensating 
measuring circuits 


Liquid connexions 


External fluid 
Nodes of Ranvier 


Axis cylinder 


Fig. 3. Diagrams of apparavas. a, cross-section through partition with fibre in place. A, EZ, 
troughs; B, C, D, spaces between cover-slips; N,, N,, nodes of Ranvier; 1-6, electrodes. 
Partition and nerve fibre ace to scale. 6, diagram of electrode connexions and compensating 
circuit, and equivalent circuit for nerve fibre. Each component of equivalent circuit is drawn 
directly above the corresponding part in a. Values of resistors in thousands of ohms (kQ) and 
megohms (MQ.). J, amplifier and oscilloscope; L, standard voltage source; P,, P,, potentio- 
meters; Q, square-wave generator; S,—S,, switches; S,, S,, salt-bridge connexions. Lettering 
corresponds with Fig. 1, and numbering of electrodes with Fig. 2. 


coupled amplifier and cathode-ray oscilloscope, the input stage being a pair of cathode followers 


which had no grid leak and whose input capacities were reduced by connecting the screen grid 
of each valve to its cathode through a 60 V. battery. The sensitivity on top gain was 25 mm./mV. 
The amplifier was used only as a null instrument in all measurements of resting and action poten- 
tials. Switch S, was always closed while changing the position of switch S,, to prevent the drifts 
which followed if one of the amplifier inputs was temporarily disconnected. 

The square wave Q was produced electronically. Its amplitude was constant at about +40 V., 
and its duration was set at about 0-4 msec. for measuring the action potential. Relatively large 
voltages and series resistances were used so that electrode polarization should not cause the 
voltage drop in the fluid surrounding the fibre to drift. Voltages were measured by comparison 
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with the standard voltage source L. This gave millivolt steps up to 110 mV. in either direction, 
and could be checked internally against a Weston cell. The electrodes were of Ag-AgCl-agar. 
Nos. 1, 2, 3 and 4 dipped into Ringer solution and were made up with Ringer agar, while nos. 
5 and 6 dipped into isotonic KCI and were therefore made up with isotonic KCI agar. 

The nerve trunk could also be stimulated with short shocks through a circuit which is not shown 


in Fig. 3. 


Solutions 
We used a Ringer solution of the following composition : 
g./l. mM 
NaCl 6-47 110-5 
KCl 0-186 2-5 
NaHCO, 0-200 2-4 
0-120 1-08 
The ‘isotonic KCl’ contained 8-72 g., or 117 ma., of KCI per litre. 
Procedure 


The apparatus was dismantled and cleaned after each experiment. The first step was therefore 
to reassemble it, as described above. It had then to be filled with liquid. To avoid air bubbles, the 
holes for the electrodes and the spaces in the partition were filled before the main troughs. The 
liquid used was Ringer's solution except that the hole for electrode 5 (Fig. 2) and the middle space C 
(Fig. 3a) were filled with isotonic KCl. The hole for electrode 6 was also filled with isotonic KCI, 
which was prevented from mixing with the Ringer in trough Z by plugging the channel between 
them with cotton-wool. If air bubbles had formed in any of the small holes of the partition, they 
were poked out with a wire. 

The electrodes were now inserted, and nos. 1, 2, 5 and 6 were connected with the external circuit 
as shown in Fig. 35, in order to measure the ‘electrode potential’ between electrodes | and 5. This 
potential was due partly to accidental differences between these electrodes and partly to the 
junction potential between the Ringer and the isotonic KCl. Switch S, (Fig. 3b) was set to position 
1, and the calibrator L adjusted to find the voltage with which the base-line of the oscilloscope 
was not deflected when the amplifier input was short-circuited by closing switch S,. L was set to 
the nearest millivolt step on either side, and the value of the voltage for zero deflexion was inter- 
polated by eye to 0-1 mV. This was the voltage which exactly balanced the e.m.f. of the cell 
formed by electrodes 1 and 5 and the solutions by which they were connected. It was redetermined 
at the end of the experiment, and its value at any time during the experiment was assumed to be 
given by linear interpolation. Its value never exceeded 6-5 mV., and the largest change during an 
experiment was 2-8 mV. 

A nylon fibre (20 4. diameter) was pushed through the holes in the partition, tied round a silk 
fibre (about 8 y. diameter), pulled back and cut off, leaving the silk fibre in the holes. The isolated 
nerve fibre, attached to the nerve trunk, was placed in the left-hand trough (A, Fig. 3a) and the 
silk fibre was knotted round its free (distal) end. The silk fibre and the nerve trunk were gripped 
by two pairs of forceps attached to the horizontal movement of a micromanipulator, as previously 
described (Huxley & Stampfli, 1949). By this means the nerve fibre was brought through the hole 
in the partition and held in place with adjacent nodes of Ranvier visible under the dissecting 
microscope on either side of the partition. The position of the fibre was chosen so that at least 
three undamaged and cleanly dissected nodes lay in each of the two troughs. The fibre was next 
tested for excitability by stimulating the proximal end of the nerve trunk and putting switch 5, 
to position 2. If the impulse propagated through the partition, a diphasic action potential of 
about 0-1 mV. was detected across the resistance of the small holes in the right-hand two cover- 
slips of the partition. If no action potential was seen, or only a monophasic one, the preparation 
was discarded, but this was never necessary during the final series of experiments whose results 
are given here. The space D in the partition was now filled with medicinal liquid paraffin by placing 


= 


88353 


Vi 


i 


= 
4, 
> 
J 
=) 


MEMBRANE POTENTIALS OF MYELINATED FIBRES 481 


a drop on the top edge of the space and sucking out the Ringer through the channel in the right- 
hand block. As soon as the fibre was surrounded by oil, the action potential jumped up to an 
amplitude of several millivolts. The stimulus was turned off, electrodes 3 and 4 were connected to 
the compensating circuit (Fig. 36), and the small resting potential difference between the nodes on 
the two sides of the partition was measyred by the following method, which is the same as that used 
later for the resting potential itself. The potentiometer P, was adjusted until the oscilloscope 
base-line was not deflected when the connexion S, (Fig. 3b) was made or broken. This connexion 
consisted of a salt-bridge containing isotonic KC] which could be dipped into the holes for elec- 
trodes 5 and 6. Without altering the setting of P,, switch S, was turned to position 1 and the 


56-5 mV. 


41 mV. 


0-25 msec. 


Fig. 4. Potential changes recorded across the oil-gap when a square wave slightly below 
threshold (upper record) or just above threshold (lower record) is applied. 


potential difference between electrodes 1 and 5 was measured in the same way as in determining 
the ‘electrode potential’. The result, less the electrode potential, was the potential drop produced 
between A and C by the compensating current from P,, which in turn was equal to the difference 
between the resting potentials of nodes N, and N, when no current flowed along the internode 
between them. 

Switch S, was returned to position 2, and the Ringer in trough EZ replaced by isotonic KCl. To 
avoid a temporary depolarization of N,, potentiometer P, was turned up during the solution change 
80 as to keep the oscilloscope base-line nearly central. As soon as the change was complete, P, was 
adjusted accurately by the balancing process already described, and the potential difference be- 
tween electrodes 1 and 5 was again measured. To find the resting potential from this quantity, it 
was necessary not only to subtract the electrode potential, but also to add the junction potential 
between the Ringer in trough A and the isotonic KCI in trough 2. 

To measure the action potential, it was first necessary to shunt the oil-gap by a salt bridge of 
sbout 2 MQ. resistance, in order to reduce the time constant of the amplifier to about 20 or 30 psec. 
This is represented in Fig. 3b by closing switch S,. Potentiometer P, was then turned up, super- 
posing a square wave of current from B to A about once‘per second on the steady current in the 
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opposite direction which already balanced the resting potential. So long as the square wave was 
below threshold, only an electrotonic potential was detected across the oil-gap (Fig. 4, upper 
record). When the strength was increased, a monophasic action potential appeared (lower record). 
The amplitude of the square wave was now increased until the deflexion at the peak of the action 
potential was the same whether or not the oil-gap was short-circuited by the low-resistance salt 


0-25 msec. 


122 mV. 


Fig. 5. Records illustrating the balancing process for measuring the action potential. In the 
left-hand record of each pair, the oil-gap is shunted only by a resistance of 2 MQ. In the 
right-hand record, it is short-circuited by a low-resistance salt bridge. Amplitude of square 
wave indicated on right for each pair of records. 


bridge (closing S,, Fig. 3b). This process is illustrated by. Fig. 5. The amount by which the potential 
difference between electrodes 1 and 5 was reversed during the square wave was found by balancing 
against the calibration voltage L as in the previous cases. The total amplitude of the square wave 
(equal to that of the membrane action potential) was given by adding to this the steady potential 
difference which had already been found. 

The square wave was kept much shorter than the duration of the action potential to avoid 
passing an unnecessarily large quantity of electricity through the nodal membrane. The balance 
point could not be found simply by making the peak of the action potential coincide with the base- 
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line, since both inputs of the amplifier shifted by some 200 mV. relative to earth during the square 


wave, and a very small departure from perfect differentialness caused an appreciable deflexion 
even when the potential difference between C and E was zero. 
All experiments were carried out at room temperature, which was close to 17° C. throughout. 
Adjustment of fluid levels. During the measurement of the resting potential difference with both 
WN, and N, in Ringer s small amount of Ringer was allowed to run from space B into space C 


_ (Fig. 3a), so that the isolated fibre was nowhere in contact with KCl. After the Ringer in trough Z 


had been replaced by KCl, liquid was slowly siphoned out of space B, through the hole for electrode 
4, during the whole of the rest of the experiment. This liquid was replaced partly by Ringer 
flowing from A and partly by isotonic KCl flowing from C, while the level of C. (and of the hole 
for electrode 5) was automatically restored by siphoning from the hole for electrode 6 through 
the KCl bridge each time it was connected. The boundary between Ringer and KCl was therefore 
in space B, very close to the potential drop, which was between A and B, and there was no pos- 


"sibility of KCI flowing to the neighbourhood of the node N,. 


Corrections 


Junction potential. The junction potential between Ringer and isotonic KCl was determined by 
means of a saturated KCl bridge and was found to be 3-6 mV., the Ringer being positive. This 
quantity does not affect the measured action potential, but has been added to all values of resting 
potential given in the ‘ Results’ section. 

Potential distribution in troughs. So far, it has been assumed that the fluid in each of the troughs 


was equipotential. This is not true for trough A, which was traversed by the compensating current. 


Measurements with a probe electrode showed that the potential difference between space C and 
the fluid in A near the position of N, was 4% less than the value found by measurements between 
electrodes 1 and 5. All values of resting and action potential in the ‘Results’ section have been, 
reduced by this percentage. 

Effect of grid current. The cathode follower valves were chosen for low grid current, and the 
grid connected to trough Z (Fig. 3a) passed a current of 1-5 x 10-“ amp., the grid tending to go 
positive. At the balance setting, no current flowed in the layer of fluid between myelin and oil in 
space D, so that this current must have flowed along the axis cylinder. The axoplasm at NV, must 
therefore have been negative to that at N, and the resting potential somewhat greater than ob- 
served. The total resistance offered by axoplasm and nodal membranes to this current was probably 
about 70 MQ., so that the true resting potential was about 1 mV. greater than observed. 
quantity has been added to all values of resting potential in the ‘Results’ section. : 
eases the grid currents flowed through resistances which were low enough to make effects 
negligible. 

RESULTS 
Values of resting potential and action potential 
The results of the last nine experiments on fibres from Rana esculenta are 
summarized in Table 1. The resting potential values have been corrected for 
the junction potential between Ringer and isotonic KCl, but not for that 
between isotonic KCl and axoplasm at the depolarized node N3. 

It will be seen that, in the two experiments with the lowest resting potentials, 
there was a considerable resting potential difference while N, was still in 
Ringer. This must mean that N, was somewhat depolarized by the proximity 
of the damaged end, and it is therefore likely that N, was slightly depolarized 
for some time before measurements were taken. In agreement with this, the 
hegative correlation between the values of resting potential before and after 
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applying KCI is significant at the 5% level (¢t=2-65, 7 degrees of freedom). 
_ Assuming the regression to be linear, it is found that the observed mean resting 
potential is depressed by 3-1 mV. below the value it would have had if NV, had 
not been depolarized. Our estimate of the resting potential is therefore 70-7 
mV., and the standard error of this estimate is 1-7 mV., allowing for the un- 
certainties in both the observed mean and the regression coefficient. 


Tasiz 1. Values of resting and action potentials in normal Ringer 

Date R. P. before Duration Decrease Decrease 
(December Diameter ofexperi- inR.P. in AP. 
1949) (u.)  R.P.(mV.) AP. (mV.) ment (br.) (mV.)  (mV.) 


18 145 60-6 110-4 3-1 0-1 5-7 
19 13-5 66-6 117-3 - 04 1-9 0-7 5-1 
22 12-0 71-1 108-1 + 8 18 13 2-4 
23 141 69-1 118-1 + 6 19 -01 3-9 
24 15-3 70-2 106-3 + 12 3-1 3-8 2-6 
25 12-1 60-8 116-2 +20 2-0 16 10-2 
26 14-7 71-4 124-9 + 7 3-0 2-2 22-8 
27 13-0 70-7 121-2 0 73 2-0 13-2 
28 12-0 68-0 120-1 + 5 46 0-4 19-5 
Mean 13-5 67-6 1158 + 65 3-2 14 9-5 
8.8. of mean 0-42 1-4 2-1 


Our estimate of the amplitude of the action potential is the observed mean, 
115-8 mV., with standard error 2:1 mV. 

Columns 7 and 8 show that the resting and action potentials decreased during 
each experiment. The decline is slow, in spite of the fact that various solutions 
were applied to N, during the experiment (Huxley & Stampfli, 1951). Never- 
theless, it remains possible, especially in the case of the action potential, that 
the values had already fallen somewhat by the time the first measurement was 
made, which was always more than an hour after the dissection was begun. 
We have not attempted to correct for this. 


Accuracy of measurement 

An experiment to test the precision of the measurement of resting potential 
is illustrated in Fig. 6. Thirty independent measurements of the resting 
potential of a fibre were made at intervals of about one minute. For the middle 
ten readings, the normal Ringer around N, was replaced by a Ringer with 
5 mm./l. of potassium instead of the normal 2-5 mm. The resting potential 
evidently declined by about 1-5 mV. during the period of observation, so the 
straight lines in Fig. 6 were fitted by the method of least squares, assuming the 
rate of decline to be the same in both solutions. The standard deviation of the 
individual measurements from the lines is 0-18 mV. This represents the random 
error of making the balance and measuring the potential drop in the fluid 
surrounding the fibre. 

A corresponding series of measurements of the action potential is shown in 
Fig. 7. The standard deviation about the mean is 0-70 mV. The observations 
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marked by crosses were made with the oil-gap shunted by the usual 2 MQ. salt 
bridge, while those marked by circles were made with a 1 MQ. bridge. The means 
of the two groups do not differ appreciably, which is a check that the spike was 
not being seriously rounded by stray capacities with the higher resistance. 


> 
E 
——5 mm. K— > 25 mn. K 
63 


0 5 10 15 20 25 30 
Time (min.) 
Fig. 6. A series of measurements of resting potential, plotted against time. First ten and last 
ten observations made with NW, in normal Ringer; middle ten with N, in a Ringer containing 
5 mm. K. 
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Fig. 7. A series of measurements of action potential, plotted against time. Oil-gap shunted by 
bridge with resistance of either 2 MQ (crosses) or 1 MQ (circles). 


The number of measurements is small, so that this agreement might conceivably be fortuitous. 


_ Using the 5% level of significance, the data show that the ‘true’ means do not differ by more than 


1-9 mV. Since the error due to rounding increases with the square of the input resistance, the total 
error with the 2 MQ. bridge would be one-third greater than the difference between the mean 
results with the 2 MQ. and the 1 MQ. bridges. Hence, these results provide evidence that the 
through rounding of the peak when the 
bridge was used. 
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Effect of current through myelin 

The method is based on the assumption that the currents which produce the 
resting potential and the spike enter and leave the axis cylinder principally at 
the nodes of Ranvier. There is now much evidence for this assumption in the 
case of the spike (Huxley & Stampfli, 1949). As regards the resting potential, 
strong evidence is provided by an observation that was made frequently 
during these experiments. If the fibre was moved so that the normal node N, 
entered the partition, the balance was only achieved with a great increase in 
the applied current. Fig. 1 shows that this is precisely what would occur on 
our assumption, since only a part of the potential drop produced by the external 
current would then act in the circuit containing both the node N, and the oil- 
gap where the current was brought to zero. If, on the other hand, the nodes 
had played no significant part in maintaining the resting potential, the balance 
setting would have been independent of their positions relative to the partition. 
The position of NV, was frequently checked with a microscope to make sure that 
this effect did not introduce errors in our measurements. 

However, previous results (Huxley & Stampfli, 1949) showed that the myelin 
has a small but appreciable conductance in parallel with its capacity. The 
theory of our method neglects this, but an error will only be introduced if 
currents flow through this leak in the internode between N, and N,, and these 
depend also on the (unknown) e.m-f. in series with the leak. The following 
discussion shows that the error is negligible under either of two limiting 
assumptions about this e.m.f. 

In the first place, we might suppose that the current through the myelin is 
proportional to the potential difference across it, and independent of the 
solution by which it is surrounded. The whole fibre would then be somewhat 
depolarized by the leak, and the resting potential would be about 0-5 mV. 
smaller at the middle of an internode than at a node. In this case, the resting 
potential measured by our method would be intermediate between the true 
values at these two positions. 

_ We did, however, find that the measured resting potential was several mV. 
greater if space C (Fig. 3a) was filled with Ringer than if it was filled with 
isotonic KCl. This effect is in the direction, and of the order of magnitude, that 
would be expected if the myelin leak was due chiefly to a selective permea- 
bility similar to that of a resting node. Assuming that this is the case, no current 
will pass through the myelin if the potential difference across it is equal to the 
normal resting potential i in that part of the internode which is surrounded by 
Ringer, and to zero in that part which is surrounded by isotonic KCl. This 
situation was very nearly achieved by the procedure described under ‘Adjust- 
ment of fluid levels’ in the ‘Method’ section. The step in external potential was, 
however, placed 0-15 mm. nearer N, than the position where the composition of 
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the external fluid changed, and this might have made our resting potentials 


too high by about 1-5 mV. 


TmV 


Fig. 8. Three consecutive records with square-wave just at threshold. 
Spike in top record, local responses in lower two. 


_ The values of the action potential must have been affected by both. the 
capacity and the resistance of the myelin. Calculation shows, however, that 
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both effects are small (action potential at N, reduced by less than 1 mV.) and 
that in any case the measured action potential should lie between the true 
values at the nodes and at the middle of the internodes. No allowance has 
therefore been made for this source of error. — 


Subthreshold responses 
When the square wave was just below threshold, well-defined subthreshold 
responses were seen on the cathode ray tube. They were most evident when the 
square wave was strong enough to initiate occasional spikes (Fig. 8), and it was 
then clear that the spike developed from the early part of the subthreshold 
response, as in the invertebrate nerves studied by Hodgkin (1938). The hump 
was no longer seen if the stimulus was reduced by 10%. 


Measurements with ordinary external electrodes 
The ratio of the amplitude of the action potential to the resting potential was 


measured in three sets of experiments using external electrodes which made 


contact with the tissue at each end of a stretch where the external resistance 


2mvV. 


Fig. 9. Resting and action potential of a single fibre recorded between ends of a capillary tube 
60 ». diam., 12 mm. long. Fibre depolarized with KCI at distal end of capillary. Base-line 
obtained by shunting capillary with a low-resistance salt bridge. 


- was made high. In the first series, isolated fibres were used and the high re- 
sistance was obtained by passing the fibre through a glass capillary of diameter 
60 ». and length 12 mm. An action potential recorded in this way is shown 
in Fig. 9. In the second series, bundles of between twenty and sixty fibres were 
used. These were prepared by dissecting away the epi- and perineurium from 
a motor branch of the sciatic nerve, and were passed through a capillary of 
diameter 130 y. and length 16 mm. In the third series bundles were again used, 
but the high resistance was obtained by raising them partly into air in a moist 
chamber. In each case the distal end of the fibre or bundle was depolarized by 
isotonic KCl. 
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The average values of the ratio of action potential to resting potential were 
2-3, 2-1 and 2-1 respectively in the three series. These figures are somewhat 
higher than the average found by our balancing method (1-7, Table 1). We do 
not attribute much weight to the actual values, but regard them as confirming 
by a simple method that the membrane potential is reversed at the peak of the 
action potential. 

The absolute values of the action potential and resting potential could not 
be found because the longitudinal resistance of the axis cylinder, and therefore 
the ‘short-circuiting factor’, were not known. If the specific resistance of the 
axoplasm is « times that of Ringer solution, the amplitude of the action poten- 
tial was approximately 100 mV., which agrees well with the value found 
previously by a different method (Huxley & Stampfli, 1949, Table 1). 


DISCUSSION 
Conditions of measurement of resting and action potential 


: Because of the compensating current, the situation at the node where the 


membrane potential is being measured is not the same as if conventional 
electrodes had been used. For instance, we have already mentioned that no 
current crosses the nodal membrane in spite of the fact that the next more 
distal node is fully depolarized. 

The action potential is measured at the node to which the stimulus, two or 
three times threshold, is applied. One might expect that its amplitude would 
therefore differ from that of a propagated action potential. In most respects, 
however, the current flow in the neighbourhood of N, is the same as when an 
impulse is propagated past it in the proximal direction: the square.wave has 
the same amplitude as the membrane action potential, and Fig. 1 shows that 
it acts on node JN, in almost the same way as if it had appeared across the 
membrane at N,; and the impulse propagates normally in the proximal 
direction. In both cases the longitudinal current in the internode between 
N, and N, is practically zero when the action potential at N, reaches its 
peak. The only difference is that the square wave rises more rapidly than the 
action potential. We do not expect that this affected our measured amplitudes, 
since Tasaki & Takeuchi (1941) showed that the potential change at a node is 
very little affected by the amount of current that is drawn from it during the 
action potential. 

The data presented in Table 3 of the following paper » (iknaley & Stampfii, 
1951) also suggest that the action potential we measured has the same ampli- 
tude as one that is propagated up to the point where it is measured. It is 
shown there that the amplitude of the external action potential recorded across 
the oil-gap when the nerve trunk was stimulated was a constant fraction of the 
membrane action potential found by the balancing procedure, although each 
varied over a range of nearly two to one, and the rate of rise changed tenfold. 
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If the two types of action potential differed appreciably, it is unlikely that they 
would both change in exactly the same proportion in such a wide range of 
conditions. 

At first sight, it might be thought that the membrane potential change 
could be found independently from these external action potentials, the short- 
circuiting factor being found by applying a subthreshold square wave and 
measuring the resulting potential change across the oil-gap. This value would 
not however be appropriate for an action potential because the short-circuiting 
factor depends on the resistance of the node N,, and this is much lower in 
activity than in the resting state (Tasaki & Takeuchi, 1941; Tasaki & Mizu- 
guchi, 1949). 

Some earlier observations had suggested that the behaviour of a node was 
altered after contact with paraffin oil (Huxley & Stampfli, 1949). Our procedure 
was therefore arranged so that oil came in contact only with the internode 
between NW, and N, and not with either of the nodes themselves. 

Comparison with other results 

The values found in this paper for the membrane resting and action poten- 
tials of myelinated fibres in the frog are compared in Table 2 with corresponding 
data from a variety of animal excitable tissues. The figures in column 7 may 
be compared with one another, but they are all low by the amount of the 
junction potential between isotonic KCl and axoplasm (or myoplasm). This is 
probably of the order of 10 mV. when the contact is direct (Curtis & Cole, 1942; 
Hodgkin & Huxley, 1945; Hodgkin & Katz, 1949; Nastuk & Hodgkin, 1950), 
but might possibly be different when the KCl is applied as a depolarizing 
solution to the outside of the fibre. All the data for frog tissues correspond to 
a potassium concentration in the Ringer’s solution of 2-5 mm., except those of 
Lorente de N6, whose Ringer contained 1-3 mm. K. 


Relative magnitude of action potential and resting potential 

Our results agree with those on all other excitable tissues so far studied in 
showing that the action potential exceeds the resting potential by several 
hundredths of a volt. This conclusion for myelinated nerve is supported by our 
experiments with external electrodes described in this paper, although they gave 
only the relative and not the absolute magnitudes of the membrane potentials. 
On the other hand, the action potential that can be recorded from a nerve 
trunk does.not exceed the injury potential, and Lorente de Né (1947, pp. 247 
et seq.) concludes from this that the membrane action potential is not greater 
than the membrane resting potential, or at any rate, not by an amount com- 
parable with the 40 or 50 mV. found in nerve fibres of invertebrates. However, 
an action potential recorded from a nerve trunk is reduced by dispersion and 
probably also by the presence of the epi- and perineurium. There are no data 
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from which to estimate the latter effect quantitatively, but the measurements 
of Gasser & Erlanger (1927) show clearly that dispersion is not negligible. 
Lorente de Né’s action potentials appear to have been measured on bullfrog 


" Biatic nerves, with a conduction distance of 5-10 mm. (1947, p. 248). Fig. 12 


of Gasser & Erlanger’s paper shows that a synchronous spike of the fibres 


Targer than 5 yp. external diameter in this nerve is greater by 12 and 27% 


TaBLE 2, Comparison of membrane resting and action potentials measured in various tissues 


Estimated 
R.P. with 
Solution isotonic KCl 


Experimenta] Author and Elec- contact with | 
Tissue anima] trodes lasm range 
1 2 3 4 
nerve Ranaesculenta This paper External 71 Isotonic KCl. 71 116 
fibres) (compen- 
nerve catesbiana _—Lorente de Né External 52-64 Isotonie KCl; 47-59 ‘Probably 
(whole trunk ) a pp- 102 and 5 mV. allowed not 
7 et seq.) for junction than 
potential with 
axoplasm 
§ Loligo forbesi Internal 45 Sea water 50 80-95 
nerve 
= forbes & Katz Internal 48 Sea water 53 88 
nerve (1949) 
L. pealii Curtis & Cole (1942) Internal 55 Isotonic KCI 55 
nerve . 
Homarus vulgaris & Rushton External — 
nerve (1946) 
H. vulgaris & Huxley External — Isotonic KCl 62* 106* 
nerve (1945) 
Uarcinus maenas Hodgkin (1947) External — 116 
verve 
 C.maenas & Huxley External — Isotonic KCl Tlt-04* 116t-153* 
nerve 
Stated muscle Rana pipiens Gerard Internal Isotonic KCl 17 
Stiated muscle R. temporaria ion & Hodgkin Internal 88 ‘3m-KCl’ 78 119 
Swiated muscle R. temporaria Katz (1948) External — 70-120 
fibres Canis familiaris & Weidmann Internal 89 ‘3m-KCl’ 79 120 
* Result of dividing externally recorded poten y short-circuiting factor in preceding 


reference. 
tein potential from precoding Florence; resting potential obtained frm ths by multiplying by oberved ratio of 


tial to action potential 

lated between the values given for solutions containing 2-3 and 2-7 mm. K. 
respectively than after conduction for these distances. Their Fig. 6 suggests 
that fibres smaller than 5». would contribute about 5% to the synchronous 
spike, but these would be too late to affect the peak of the action potential even 
after 5 mm. of conduction. Synchronous action potentials of all fibres would 
therefore have been 17-33% greater than those observed by Lorente de Né, 
and would have exceeded his maximal demarcation potentials by nearly the 
same percentages. This argument brings the results on whole nerve qualita- 
tively into line with ours on isolated fibres, but does not account for the whole 
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discrepancy. In view of the results of Rashbass & Rushton (1949), it seems 
likely that the connective tissue sheath of the nerve reduces the amplitude of 
the recorded action potential by an appreciable amount. 


Our observations on bundles were much less subject to these errors, for the | 


following reasons: (1) Epineurium and perineurium were completely removed. 
(2) We used motor branches of the sciatic nerve, so that the fibres were much 
more uniform in diameter than is the case in the sciatic nerve itself. (3) We 
worked at a lower temperature, so that the duration of the spike was increased 
relative to the conduction time. 

Absolute values of resting and action potential. The results collected in Table 2 
show that the absolute values of resting potential and action potential are 
roughly the same in all animal tissues where the membrane values have so far 
been measured on single cells, whether by internal or external electrodes. We 
think that the lower values found from the whole nerve trunk are due to the 
sources of error mentioned in the preceding paragraph. Among the other 
results, small potentials are correlated with other indications that the fibres 
are depolarized. Thus, the smallest potentials are given by the squid giant axon, 
which may gain sodium rapidly (Steinbach & Spiegelman, 1943) in spite of its 
low surface/volume ratio. The net inward flux of sodium ions carries an inward 
current which is not present when the nerve is in the living animal, since its 
sodium content must then stay roughly constant. This inward current would 
tend to raise the internal potential, i.e. to reduce the resting potential difference 
across the membrane. Correspondingly, the isolated squid axon shows signs 
of cathodal depression, such as marked accommodation, short utilization time, 
and a large positive phase following the spike. Isolated crab fibres, on the other 
hand, which give large potentials, may hardly accommodate at all (Hodgkin, 
1948). Our own results are intermediate. Survival was fairly good, but both 
resting and action potential declined appreciably over a period of hours. 
Utilization time was short (up to 2 msec.), and a repetitive response could not 
be obtained, while Parrack (1940) found no signs of accommodation in cir- 
culated frog nerve in situ. Excised frog muscle survives well, gains sodium 
slowly and shows relatively little accommodation. Ling & Gerard (1949) found 
that its resting potential is only about 8 mV. greater in situ than when excised 
and placed in a Ringer with the same potassium concentration as plasma. 

All these facts suggest that the membrane resting and action potentials in 
the intact animal vary much less between different tissues than appears from 
Table 2, and that the highest values in that table are nearest to normal. An 
independent reason for thinking that the resting potential of myelinated fibres 
in situ may be close to the value of 85 mV. found in frog muscle by Ling & 
Gerard (1949) is given in the following paper. 
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Resistance of axoplasm 

Our measurements of the external spike show that the membrane action 
potential is roughly equal to 100a mV., where « is the ratio of the specific 
resistance of axoplasm to that of Ringer. Together with our value of 116 mV. 
determined by the balancing method, this implies that the axoplasm has a 
specific resistance only a little greater than that of Ringer. This value is quite 
possible if the conductivity is due to potassium ions and reasonably mobile 
anions in an axoplasm isosmotic with Ringer, and is hardly lower than the 
value of 1-4 found in the squid giant axon by Cole & Hodgkin (1939). Other 
invertebrate nerves and frog muscle, however, give values between 2-5 and 4-5 
(Hodgkin & R , 1946; Hodgkin, 1947; Katz, 1948). 

On the other hand, Lorente de Né (1947, p. 482) concludes from measure- 
ments of electrotonus on the whole sciatic nerve that the axoplasm resistance 
per centimetre length of a fibre with an internal diameter of 10 yu. is 1-3 x 10’ 
ohms. This implies a specific resistance of 10 ohm. cm., which is about an eighth 
of that of Ringer at 25° C. This discrepancy is important because so high a 
conductivity could not be accounted for by ordinary ionic mobilities, and would 
imply that most of the current along the axis cylinder is carried by some other 
mechanism. It is possible that here too the disagreement will vanish when the 
effect of the connective tissues is taken into account. 


Subthreshold responses 


We did not study the subthreshold responses in detail because the electrode 
system gave quantitative results only when the balancing process was used, 
and this was impossible when observing these responses. The deflexions during 
the square wave in the records of Fig. 8 should be directly proportional to 
changes in the membrane potential at the node N,, but the level which cor- 
responds to the resting potential is unknown, since it depends on the resistance 
of the nodal membrane. 

Similar responses have been observed previously in isolated myelinated 
fibres with other types of stimulating current. Tasaki & Takeuchi (1942) 
recorded a ‘kleiner Buckel’ following a just subthreshold induction shock or 
short square wave, and Stampfli (19465) recorded an ‘unterschwelliges Reiz- 
phinomen’ during stimulation with 50 cycle a.c. It is clear that the same 
phenomenon is in question both in these two cases and in the present data 
where the stimulus is a square wave of long duration. Tasaki & Takeuchi gave 
reasons for thinking that the response arose not in the nerve fibre itself but in 
other adherent tissue. We believe that it is a real local response of the nerve 
fibre for the following reasons, which apply to all three sets of observations: 

(1) The response is only observed when the stimulus is near to threshold 
strength for the spike. 
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(2) When the stimulus strength is such that sometimes spikes and sometimes 
local responses are produced, the spike develops as a continuation of the rising 
phase of the local response. 

(3) The responses are very similar to those found in invertebrate nerve 
fibres (Hodgkin, 1938), which are known to originate in the nervous element 
itself, 

Whichever interpretation may be correct, these observations on isolated 
fibres are in good agreement with those of Katz (1947) on the whole sciatic 


nerve, 
SUMMARY 


1, A new method is described for measuring the membrane values of the 
resting and action potentials of myelinated nerve fibres isolated from the 
sciatic nerve of Rana esculenta. 

2. The resting potential in Ringer containing 2-5 mm.K is found to be 71 mV., 
without making any allowance for the junction potential between the depolari- 
zing solution (117 mm. KCl) and the axoplasm. 

3. The action potential is found to be 116 mV. 

4. Experiments with an orthodox electrode system confirm that the action 
potential greatly exceeds the resting potential. 

5. The results are shown to agree well with values found by other methods 
on single fibres of a variety of excitable animal tissues. 

6. The discrepancies between these results and measurements on whole nerve 
are discussed. 

7. The occurrence of a subthreshold response in myelinated nerve is con- 
firmed. | 
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EFFECT OF POTASSIUM AND SODIUM ON RESTING 
AND ACTION POTENTIALS OF SINGLE 
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In the preceding paper (Huxley & Stampfli, 1951) we described a new method 
for measuring membrane potentials in isolated myelinated nerve fibres of the 
frog, and reported the values we found for the resting and action potentials in 
normal Ringer. After these measurements had been made at the beginning of 
each experiment, the Ringer was replaced in turn by a series of solutions con- 
taining different concentrations of sodium and potassium. The present paper 
deals with the changes in resting and action potential that occurred under these 
conditions. 


The main results have already been briefly reported (Huxley & Stampfii, 
1950). 
| METHOD 
Apparatus and experimental procedure 


These are fully described in the preceding paper, except for the method by which the solutions 
were changed. 

Changing of solutions. The liquid in the left-hand ‘Perspex’ trough could be drained away 
through a rubber tube connected to a hole drilled in its base (not shown in Fig. 2 of the preceding 
paper). The flow was controlled by a clip on the rubber tube. The new solution was run into the 
trough simultaneously from a pipette. Mixing with the Ringer in the holes by which the electrodes 
communicated with the trough was prevented by plugs of cotton-wool. Tests with dye solutions 
showed that mixing was practically instantaneous. The volume of new solution used at each change 
was 15-20 c.c., and the capacity of the trough was 3 c.c., so that the proportion of the old solution 
remaining after the change should not have exceeded e~*, or 0-7%. This was confirmed by rough 
estimation of the amount of dye remaining after replacement by water. 

The injection of the new solution was completed in 10-15 sec. 


Solutions 
Ringer's solution. Our normal Ringer had the following composition : 
g./l. mM. 
NaCl 6-47 110-5 
KCl 0-186 2-5 
NaHCO, 0-20 2-4 
0-12 1-08 


wens 
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in normal Ringer. 
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Jsotonic KC. This was 117 mx. solution of KCI (8-72 g,/L.). 


' Solutions with different K concentrations. Solutions with raised K concentration were made by 


replacing the required amount of the NaCl in the normal Ringer by the equivalent amount of KCI. 
Solutions with lowered K concentration were similarly made by replacing K by Na. 
Solutions with different Na concentrations. Solutions with lowered Na concentration were made 


‘by replacing the required amount of NaCl in the normal Ringer by the equivalent amount of 


choline chloride. An allowance was made for the water content of our sample of this salt (British 
Drug Houses Ltd.) based on titration of its chloride. 

The solution with 1:25 times the normal Na concentration was made by adding 1-65 g. of solid 
NaCl per litre of normal Ringer; the control solution with equal osmotic pressure but normal Na 
concentration was made by adding an equivalent amount of choline chloride instead of NaCl. 

These solutions are referred to by their sodium concentrations, expressed as a percentage of that 


Corrections 


Corrections were applied for the same three effects as in the preceding paper, namely, junction 
potential between solutions, grid current and potential distribution in the troughs. Table 1 gives 
the values of the junction potentials between isotonic KCl and the test solutions. Values shown in 


heavy type were measured by means of a saturated KCl bridge; the others were found by inter- 


polation, assuming that the junction potential varies linearly with the proportion of Na remaining. 


Tastz 1. Junction potentials between test solutions and 117 mm. KCl. In all cases, the test 
solution is positive to the KCl. Values measured shown in heavy type; others found by inter- 
polation 


Solution (mV.) 

Ringer (2-5 mm. K 36 

mM. 

5 ma. K Ringer 3-5 
10 ma. K Ringer 3-4 
20 mm. K Ringer 3-0 
40 mo. K Ringer 2-4 
113 ma. K Ringer 0-0 
50% Na Ringer 49 
25% Na Ringer 5-6 
12-56% Na Ringer 6-0 
25% Na Ringer 6-2 


As in the preceding paper, no correction has been applied for the junction potential between 
isotonic KCl and axoplasm at the depolarized node. 
RESULTS 
Rate of action of solutions 
Before discussing the changes in resting and action potential that were found, 
it is necessary to establish whether they can be adequately represented as 


functions only of the composition of the medium surrounding the nerve fibre, 


or whether their variation with time must also be taken into account. 

Fig. 1 shows a series of measurements of the resting potential of one fibre, 
taken during successive changes in the K concentration of the Ringer. It will 
be seen that, until the K concentration reached 40 ma., each change in resting 
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potential was complete by the time a measurement could be made, that is, 


within a minute of changing the solution. The same result for a change from 


2-5 to 5 ma. K and back is shown in Fig. 6 of the preceding paper. With the 
isotonic KCl, however, and perhaps also with the 40 mm. K Ringer, small 
changes in potential continued for many minutes after the solution was applied, 
although the main change had again occurred before the first observation. 
Changes in the action potential were similarly found to be practically complete 


2-5 mm. K 
5 mm. K 
Ringer Tk-free 
OF 2:5 mm. K 
> > 
E 
30+ lsotonic KCI 
117 mm. K 
3 
' 
0 10 20 3 40 SO 6 70 8 9 100 110 230 


Time (min.) 


Fig. 1. Resting potential plotted against time during a series of changes in 
the K content of the fluid surrounding the fibre. 


by the time a measurement could be made (in this case, about 2 min. after 
changing the solution). Drifts of 1 or 2 mV. often occurred during the next 
10 min., but their amount and direction were inconstant. 

These results show that no appreciable error will be introduced by considering 
the resting and action potentials to be constant during the period (4 to 15 min.) 
that each solution was in contact with the nerve fibre. The values presented in 
the rest of this paper are the averages of the measurements made during this 
time, except that observations made within a few minutes of applying isotonic 
KCl have been discarded. 

On the other hand, both resting and action potential declined appreciably 
during the several hours that each experiment lasted (Huxley & Stampifli, 
1951, Table 1). Comparisons are therefore only made between values found 
close together during an experiment, and the value of the action potential in 
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each solution is compared with a value interpolated between measurements in 


Ringer before and after. 

Another aspect of this result is that the balancing procedure is too slow for 
investigating the speed with which the solutions acted on the fibre. A quicker 
response, giving semi-quantitative results, was obtained by recording on moving 
film the change of potential difference across the oil-gap while the new solution 
was run in, without readjusting the balance. The circles in Fig. 2 are taken 
from a record of this kind made while normal Ringer (2-5 mm. K) was replaced 
by 20 mm. K Ringer. 15 c.c. of the new solution was run in at a constant rate, 
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Fig. 2. Demarcation potential plotted against time during a change in the K content of the fluid 
surrounding the fibre. Circles, observed potential. Curve, theoretical, on assumption that 
mixing is immediate and that the resting potential follows the curve of Fig. 3 without delay. 
Initially, normal Ringer; solution with 20 mm. K run in during period from time 0 to 12 sec. 


taking 12 sec. altogether, and the mixed solution was drawn off simultaneously 


at an equal rate. The smooth curve is calculated on the following assumptions: 
(1) mixing was instantaneous, (2) the resting potential at any moment was 
determined by the K concentration and the steady state curve of Fig. 3, and 


' (3) the deflexion was proportional to the change in resting potential. The scale 


of the curve is adjusted to fit the deflexion at the 24 sec. observation. These 
conditions were certainly not fulfilled exactly, but the agreement between the 
points and the curve does show that at any rate the main part of the change in 
testing potential occurred with less than one second of lag. Clearly, the solution 
was not changed quickly enough for the lag to be estimated within much 
narrower limits than this. 

The high speed with which conduction is blocked by certain solutions was 
demonstrated in Kato’s laboratory by the following experiment (Kato, 1936). 
A motor nerve fibre is isolated for a few millimetres in a sciatic-gastrocnemius 
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preparation, and left connected both to the nerve trunk and to the muscle. 
Conduction is tested by stimulating the trunk and seeing whether the muscle 
twitches. The test solution is poured on to the isolated part of the fibre, so that 
the solution in which it is bathed is changed almost instantaneously. Kato 
found by this method that conduction was blocked immediately by, for in- 
stance, 0-1°%, cocaine or by a solution of dextrose isotonic with Ringer. We 
have repeated this experiment on many occasions, fully confirming the high 
rate of blocking. We stimulated the nerve trunk at a frequency of one per 
second, and applied the test solution about midway between two stimuli. Under 
these conditions, many solutions blocked the fibre by the time the next impulse 
arrived, i.e. within about $ sec. of application. All sodium- (and lithium-) free 
solutions that we tested came into this category, including dextrose, sucrose, 
choline chloride or KCl in solution isotonic with Ringer, and distilled water. 
In all these cases, conduction was equally quickly restored by applying a drop 
of Ringer or of isotonic NaCl or LiCl. Conduction was blocked by any solution 
containing less than about 5-10 ma. of either Na or Li, and was restored by 
solutions containing more than this amount of either of these ions together with 
sucrose or choline chloride to make up the osmotic pressure. However, solutions 
that were close to the limiting concentration took several seconds to block or 
to restore conduction. 
Effect of K concentration 

In all experiments, lowering the K concentration caused an increase, and 
raising the K concentration a decrease, in both the resting potential and the 
‘overshoot’ (excess of action potential over resting potential). The averages of 
the resting potentials found in six experiments are plotted in Fig. 3 against the 
K concentration, which is on a logarithmic scale. All the individual experi- 
ments gave curves of this type, but the level at which they flattened out at 
low K concentration varied considerably. The resting potentials in normal 
Ringer, for instance, ranged from 60-3 to 69-7 mV. 

The random component of the differences between the results of the dif- 
ferent experiments was found by fitting a curve of the same shape as the mean 
curve of Fig. 3 to the data from each experiment by adjusting its vertical scale 
and mean level. The standard deviation of the observations from these fitted 
curves was 0-83 mV.,.so that the random component of the error of each point 
in Fig. 3 has a standard deviation of 0-83/,/6, or 0-34 mV. 

The changes in overshoot were measured in four of these experiments, and 
the mean results are given in Table 2. No action potential was obtained in 
20 mo. or higher concentrations of K. Part of these changes in overshoot are 
no doubt due to the differences in Na concentration between the solutions, 
since the K concentration was varied by exchanging for Na. The figures in the 
table for this effect are the changes in overshoot caused by the same changes 
in Na concentration when the K concentration is kept normal (see next section). 
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Even if the effect of Na depends somewhat on the K concentration, it seems 
clear that most of the effect is due either directly or indirectly to the changes in 
K concentration. 
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- Fig. 3. Effect of K concentration on resting potential. Ordinates: circles, resting potential corrected 
for junction potential between test solution and depolarizing solution; crosses, same without 
correction. Abscissae: K concentration on logarithmic scale. Each point is mean from six 
experiments. Broken line has slope of 58 mV. for tenfold change of K concentration. 


TaBLE 2. Effect of K concentration on overshoot . 
K concentration (mM.) 0 1:25 2-5 5 10 
Increase in overshoot (mV.) +41 +28 O - 6-0 - 37 
Effect of Na concentration change +06 +03 £0 -0-6 - 16 
Remainder +3-5 +25 -5-4 35 
Effect of Na concentration 


When part of the NaCl in Ringer was replaced by choline chloride, it was 
found that the overshoot was markedly decreased, while the resting potential 
was slightly raised. The averages of the results in six experiments are shown in 
Fig. 4. They are plotted against the Na concentration, which is expressed as 
& percentage of that in normal Ringer, and is on a logarithmic scale. An action 
potential large enough to be measured by the balancing process could not 
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always be obtained in the solution with 6-25 % of the normal Na concentration. 
The values in Fig. 4 for this concentration were obtained from only two observa- 
tions. 

The points to the left of the dotted line in Fig. 4 are derived from measure- 
ments in solutions 25% hypertonic to Ringer. The value for the increase of 
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Normal Ringer 


Change in resting potential or overshoot (mV.) 


j i i i 
100 50 25 125 625 
Na concentration (%) 
Fig. 4. Effect of change in Na concentration. Ordinates: change of resting potential (circles) or 
overshoot (dots with vertical error line), from value in normal Ringer. Abscissae: Na concentra- 
tion, percentage of value in normal Ringer, on logarithmic scale. Each point is mean of several 
experiments; error lines show + standard error of mean. Straight line has slope of 58 mV. per 
tenfold change of Na concentration. 


overshoot is the difference between the overshoot in Ringer with a 25° excess 
of NaCl and that in Ringer with an equivalent excess of choline chloride. The 
value for the decrease in resting potential was obtained similarly. Compared 
with Ringer, both resting potential and overshoot were lower by 1-3 mV. in 
the solution with added choline chloride, but the overshoot was larger by 


2-5 mV. in the solution with added NaCl. These points are derived from three 
sets of measurements on two fibres. 
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The straight line is drawn with a slope of 58 mV. per tenfold change in Na 


concentration. It represents the changes in membrane potential that would 
_oecur if the membrane were much more permeable to Na than to other ions. 


It is seen that the changes in overshoot follow this line closely, as would be 
expected if activity consisted in a sudden large increase in the Na permeability 
as suggested by Hodgkin & Katz (1949). 


Effect of replacing Na by Li 
In one experiment, the resting and action potential were measured with the 
fibre surrounded by a Ringer in which the NaCl was replaced by an equivalent 
amount of LiCl. Comparing the results with the mean of the values in ordinary | 
Ringer immediately before and after, we found that the resting potential was 
increased by 3 mV. and the overshoot was decreased by 1 mV. 


Na concentration and rate of rise of action potential 
In two of the experiments on the effect of changing the Na concentration 
we stimulated the nerve trunk and recorded the action potentials across the 
oil-gap, as well as measuring the resting potential and overshoot by the 
balancing method. The amplitude of the monophasic spike and the maximum 
slope of its rising phase were measured for each Na concentration. The results 
of one experiment are given in Table 3. The first column shows the amplitude 


TaBLz 3. Amplitude and rate of rise of action potential 
in solutions with different Na concentrations 


1 2 3 4 5 6 
Amplitude of action potential Rate of rise of 
Recorded r AW rate 
across Balance Membrane % of rise, 
oil- gap method Ratio value value 
Solution around fibre (mV.) (mV.) (2)/(1) (V./sec.) Ringer experiment 
Normal 3-56 123-8 34:8 1520 
25% Na 2-42 86-8 35-8 400 27 19 
No 3-56 123-7 34-7 1300 = — 
50% Na 3-08 108-9 35-4 62 54 
Normal 3-48 123-0 35-4 1370 
Na 2-03 712 35-1 150 12 
No 3-32 119-5 36-0 1240 
125% Na 3-38 119-3 35-3 1280 106 98 
3-26 118-4 36-4 1230 
Added choline chloride 3-08 113-9 37-0 1110 90 90 


of the externally recorded propagated action potential, while the second shows 
the value of the membrane action potential found by the balancing procedure. 
The ratio between these two quantities, which is shown in the third column, is 
seen to be remarkably constant. We pointed out in the preceding paper 
(Huxley & Stampfli, 1951) that this provides some evidence that the action 
potential measured by balancing has the same amplitude as a propagated 
action potential, although the value of the — in column 3 cannot be checked 
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against other measurements. Each figure in the fourth column is the product 
of the maximum rate of rise of the externally recorded action potential and the 
ratio in column 3. It therefore represents the maximum rate of change of 
potential difference across the membrane. In column 5, this value for each of 
the altered Na concentrations is expressed as a percentage of the mean of the 
values in normal Ringer before and after. The last column gives the corre- 
sponding values found in a different experiment. In the low-sodium solutions, the 
rate of rise is roughly proportional to the Na concentration. In the solution with 
added NaCl, the rate of rise was slightly increased in one experiment and slightly 
decreased in the other, but in both it was appreciably greater than in the solution 
with the osmotic pressure made up to the same value with choline chloride. 


In the experiment with lithium Ringer, the rate of rise was found to be 93%, . 


of that in normal Ringer. 
| DISCUSSION 
Comparison with other tissues 

The chief results reported in this paper are the effects of potassium concentra- 
tion on the resting potential, and of sodium concentration on the action 
potential, of myelinated nerve fibres. These two effects have previously been 
investigated by means of internal micro-electrodes both in the giant axon of the 
squid (Curtis & Cole, 1942, for effect of K; Hodgkin & Katz, 1949, for effect of 
Na) and in striated muscle fibres. of the frog (Ling & Gerard, 1950, for effect 
of K; Nastuk & Hodgkin, 1950, for effect of Na). Our results are in strikingly 
close agreement with all these in almost every respect, and there can be little 
doubt that the main actions of these ions are the same in all three preparations. 

The general shapes of the curves relating resting potential to log (K concen- 
tration) are closely similar in the three cases, but there are minor differences. 
At high concentrations, the curve approaches a straight line in each case. The 
slopes of these lines, allowing for the junction potential between the Ringer 
and the solution which makes contact with the axoplasm, are 56 mV. per 
tenfold change in the squid giant axon, 49 mV. in frog’s striated muscle, and 
51 mV. in myelinated nerve. In each case, the value is lower than 58 mV., the 
theoretical value if the membrane were permeable only to K ions. Hodgkin & 
Katz (1949) showed that these deviations, as well as the flattening out of the 
curve at low K concentration, are explained if the membrane has permea- 
bilities to Cl and Na ions which, although smaller than that to K, are not 
negligible. The differences between the limiting slopes and between the levels 
at which the curves flatten out can undoubtedly be explained by differences 
in the relative permeabilities to these three ions. A diffusion potential of this 
kind cannot, however, be the only factor involved, at any rate in the living 
animal, since, if it were, the K and Na concentrations in the axoplasm would 
steadily approach those in the surrounding fluid. Some active process, perhaps 
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the extrusion of Na ions, must also be present, and this would be likely to have 
a direct effect on the resting potential as well as the indirect effect through 
maintaining the differences.of ionic composition. None the less, the form of 
the relation between resting potential and K concentration, and the almost 
immediate action of K-rich solutions, suggest that in the main the resting 
potential is, as suggested by: Bernstein (1912), a diffusion potential in which K 
is the principal ion concerned. 

There are two reasons for thinking that the metabolic factor was less im- 
portant in our isolated fibres than it is in the living animal. In the first place, 
both resting and action potential fell gradually during our experiments 
(Huxley & Stampfli, 1951, Table 1), suggesting that the ionic composition of 


_ the axoplasm was not being maintained. In the second place, Fenn, Cobb, 


Hegnauer & Marsh (1934) found that frog nerves lost K to the surrounding 
fluid unless the K concentration in the latter was considerably above 2-5 ma., 
the value in frog’s plasma. For late autumn frogs, they found that the equili- 


_brium concentration was about 5 mm. If we suppose that this figure is relevant 


also to our fibres, it is possible to estimate the resting potential that would 
bring the fibre into equilibrium with 2-5 ma. K. Fig. 3 shows that the resting 
potential was 5 mV. lower in 5mm. than in 2-5 mm. K, while Table 2 of the 
preceding paper shows that the average resting potential of fibres in good 
condition at the beginning of an experiment was 71 mV. Assuming that K 
crosses the membrane passively, the equilibrium potential will be 58 log,, (5/25), 
or 17 mV., greater in 2-5 than in 5 mm. K. The maintenance resting potential is 
therefore 71—5+17=83 mV. This is not far short of the value found in frog 
muscle in situ by Ling & Gerard (1949), which is 85 mV. Ifa further allowance 
of 10 mV. is made for the junction potential between isotonic KCl and axoplasm 
(Nastuk & Hodgkin, 1950), the actual resting potential difference across the 
membrane comes practically to the equilibrium value for the ratio between 


internal and external K concentration. 


The effect of changes in the K concentration on the overshoot was generally 
similar to that found in the squid giant axon by Curtis & Cole (1942) and by 
Hodgkin & Katz (1949), although concentrations between zero and twice the 
normal had somewhat greater effects in our experiments. The fact that a block 
due to raised K concentration can be relieved by anodal polarization (Woron- 
zow, 1924; Lorente de Né, 1947, part 1, pp. 21, 34) makes it very probable that 
these changes in overshoot are caused directly by the changes in resting 
potential, which in turn depend on the K concentration. This effect has there- 
fore less immediate interest than the others that we investigated. It does 
suggest, however, that the changes in overshoot that we observed in solutions 
with different Na concentrations may have been modified by the changes in 
Testing potential that the same solutions caused. Inspection of Fig. 4 shows 
that allowance for this will increase the observed effects, and will probably 
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bring them into even closer agreement with the theoretical straight line, at any 
rate at moderate changes in the Na concentration. In either case, the agree- 
ment is as good as can be expected, and provides further evidence for the 
hypothesis that activity consists in a great increase in the permeability of the 
membrane (in this case, at the nodes of signi to sodium ions (Hodgkin & 
Katz, 1949; Nastuk & Hodgkin, 1950). 

This hypothesis is also supported by the slaaailetiei that the maximum rate 
of rise of the action potential is roughly proportional to the external Na con- 
centration, as was found in the squid giant axon (Hodgkin & Katz, 1949), and 
in frog’s striated muscle (Nastuk & Hodgkin, 1950). The interpretation is less 
direct in our case, however, both because our electrode arrangement did not 
necessarily give exact results when the balancing procedure was not being 
employed, and because, in a fibre with nodes, the maximum rate of rise of the 
action potential is not exactly proportional to the ionic current through the 
membrane, as is the case in a uniform fibre. 

Comparison with whole nerve 

It has long been known that solutions with raised K concentration reduce 
the resting potential of whole frog nerve, and Lorente de Né (1944) showed that 
this tissue becomes inexcitable when soaked in Na-free solutions. Our results 
on isolated fibres are in qualitative agreement in these respects, but there is an 
enormous discrepancy in the time taken for the effects to develop in the two 
cases. In whole nerve, the effects require several hours to approach completion, 
but in isolated fibres the corresponding time is about one second. The gap is 
bridged by the results of Feng & Liu (1949a, 19496). These authors found 
(1949a) that the delay was very greatly reduced if the outer sheaths were 
stripped from the nerve trunk, and that under these conditions a definite 

relation between demarcation potential and K concentration could be esta- 
blished (19496). The effects still took a matter of minutes to develop, but this 
is not surprising as the nerve trunks kept their shape, in spite of the removal 
_ of the sheaths, and diffusion between the fibres must have had a considerable 
effect. The relation between demarcation potential and K concentration found 
by these authors is in excellent agreement with our results (Fig. 3). The absolute 
potentials measured were of course smaller because they used ordinary external 
electrodes which record only a fraction of the membrane potential. 

We agree fully with Feng & Liu in attributing the slowness of the effects in 
whole nerve to the delay in diffusion through the sheaths. The only alternative 
explanation of the discrepancy between our results and those on whole-nerve 
is to suppose that the properties of our fibres were altered by the process of 
isolation. We think it most unlikely that this would have occurred in such a 
way as to leave the actions of both K and Na qualitatively unaffected, but to 
change the rates of action of both by a factor of the order of 104. 
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_meable layers consist of cells. Thus, Cole & Curtis (1936) found that much of 


collagen fibres would not. Further, Feng & Liu (1949a) found that blocking by 


: non-lipoid soluble substances. 


_ There is probably no real disagreement here, because in our experiments the 


than this to develop. 
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In recent discussion of the effect of the sheaths, it has apparently been 
assumed that they are composed of collagen fibres with only scattered cells 
(e.g. Lorente de N6, 1947, part 1, pp. 23, 24; part 2, p. 13). If this were the 
case, it would certainly be surprising that diffusion through them should be so 
slow. Ranvier (1875), however, gave an excellent description of the epineurium 
and perineurium (‘gaine lamelleuse’), and made it clear that the latter (the thin 
sheath surrounding each of the bundles of which a nerve trunk is composed) 
consists of delicate fibrous sheets each covered by a complete, or almost com- 
plete, layer of flat ‘endothelial’ cells. This description was fully confirmed by 
Key & Retzius (1876). The boundaries between the cells can be demonstrated 
by means of silver nitrate, while their flattened nuclei are easily seen in any 
transverse section of a nerve stained with a nuclear dye. Overton (1904) drew 
attention to this observation by Ranvier. He had found (19025) that frog’s 
striated muscle soon becomes inexcitable in sodium-free solutions, but he was 
unable to demonstrate a similar effect in frog’s nerve. He attributed the 
discrepancy to the failure of the Na ions in the spaces between the nerve fibres 
to diffuse away through the perineurium. 

Several other properties of the sheath become intelligible if its ion-imper- 


the capacity of a nerve trunk, detected by transverse measurements with 
alternating current, disappeared when the sheath was removed. Cell mem- 
branes would be expected to have a high electrical capacity, but a sheath of 


alcohol or ether, already fairly quick in whole nerve, was not appreciably 
accelerated when the sheath was removed. Again, this is to be expected if the 
sheath is cellular, since Overton (1902a) showed that lipoid-soluble substances 
penetrate cell membranes freely. Finally, 0, and CO, penetrate other cell 
membranes, such as the muscle membrane, with ease, so that the fact of their 
rapid entry into nerve is no evidence against the presence in the perineurium 
of cell membranes which might form a highly effective barrier to ions and to 


Effect of lithium 

In our experiments, the Na ions in Ringer could be replaced by Li with 
almost no change as regards maintenance and restoration of excitability, size 
of resting potential, or amplitude and rate of rise of action potential. This 
result agrees with the findings of Overton (19026) in frog muscle, but Lorente 
de N6é (1947, part 1, p. 31) found that Li salts depolarized whole frog nerve. 


solutions containing Li were never in contact with the nerve fibre for more than 
25 min., and we should not have detected harmful effects which took longer 
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SUMMARY 


1. The membrane values of the resting and action potentials of single 
myelinated nerve fibres of the frog were measured in solutions with varying 
concentrations of K and Na. 

2. The effect of a change in ionic composition of the medium developed in 
a time of the order of one second. 

3. The changes in resting potential were consistent with its being a diffusion 
potential across a membrane permeable to K, and to a smaller degree, to Cl 
or Na ions. 

4. The membrane potential at the peak of the spike changed with Na con- 
centration as if it were a diffusion potential across a membrane highly permeable 
to Na ions. 

5. Resting and action potential were only slightly changed when the Na in 
Ringer is replaced by Li in experiments lasting a few minutes. 

The work described in this and the preceding paper was made possible by a grant from the 
Rockefeller Foundation for Medical Research, to whom we wish to express our gratitude. We are 
also much indebted to Mr A. L. Hodgkin for valuable discussion and criticism. 
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n- Effect of denervation on development of local tetanus. By 0. F. 
le Hutter. Department of Physiology, University College, London, W.C. 1 


Small doses of tetanus toxin (1/100 L.p.) were intramuscularly injected into 
. both hind limbs of cats (Harvey, 1939). 24 hr. later the sciatic nerve and some- 
times the femoral and obturator nerves were cut on one side. The intact limbs 
he displayed the symptoms as described by Harvey, but local tetanus did not 
ne develop in the denervated muscles. This was confirmed by experiments in 
which unilateral injection of tetanus toxin was followed by bilateral denerva- 
tion. When the nerves were sectioned 48 hr. after injection, early symptoms 
of tetanus were abolished and none appeared thereafter. 7-8 days after 
injection a marked rigidity of muscles remained after denervation. This 
rigidity was not affected by curarine (Bremer, Tileca & Van der Meiren, 1927). 
These findings support the view that normal muscle innervation is essential 
for the development of local tetanus (Acheson, Ratnoff & Schoenbach, 1942; 
Perdrup, 1946), and that, once tetanus is established, rapid changes in the 
resting length of the affected muscles take place. 


A, Acheson, G. H., Ratnoff, 0. D. & Schoenbach, E. B. (1942). J. exp. Med. 75, 465. 
Bremer, F., Tileca, J. & Meiren, L. Van der (1927). O.R. Soc. Biol., Paris, 97, 895. 
Harvey, A. M. (1939). J. Physiol. 96, 348. 
Perdrup, A. (1946). Acta Pharmacol. 2, 121. 
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The two types of nucleic acid during mitosis. By W. Jaconson and 
M. Wess. Strangeways Research Laboratory, Cambridge, England 


The histological demonstration of the occurrence of deoxyribonucleoprotein 
(DRNP) in the chromatin network of the resting nucleus and in the chromo- 
somes during cell division by the Feulgen method or staining with methyl green 
is well known. The occurrence of ribonucleoprotein (RNP) in the nucleolus 
and in the cytoplasm of immature or actively working cells has also been 
established by staining these substances either red with pyronine or blue with 
Leishman, Jenner-Giemsa or Wright’s stain. 

The following investigation describes the behaviour of ribonucleoprotein 
during mitosis. The method used was May-Grunwald-Giemsa’s or Leishman’s 
stain after fixation in methanol. Smears of normal and leukaemic bone marrow 
cells, fibroblasts and osteoblasts grown in vitro, and the intestinal mucous 
membrane of the mouse were investigated. The method was shown to stain 
RNP dark blue and DRNP red-purple (Table 1). This was demonstrated by 


Tasxz 1. Distribution of nucleoproteins in cells during the intermitotic period 


Deoxyrit ] eins Ribonucleoproteins 
(purple-red) (blue) 
Nucleus: Chromatin + si 
Nucleolus ~ + 
Cytoplasm + 
+=present. =absent. 


tm vitro experiments with the isolated nucleoproteins and by incubating the 
tissues with enzymes which digest specifically the one or the other nucleo- 
protein. Thus after treatment of the cells with ribonuclease all blue-staining 
material was removed, whereas digestion with deoxyribonuclease removed the 
red-purple staining components. The complete inhibition of proteolytic 
enzymes, present as contaminants in the deoxyribonuclease preparation, was 
achieved by the addition of cysteine or hydroxylamine. Thus the observed 
effects were due specifically to the digestion of deoxyribonucleoprotein. 
During the prophase of cell division (Table 2) the chromosome threads con- 


tain DRNP but not RNP, and they stain red-purple. The nucleolus contains - 


RNP but not DRNP and stains dark blue. 
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somes now stain blue, due to their residual ribonucleoprotein. 
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TaBtx 2. Distribution of nucleoproteins in cells during mitotic division 


Th 
Deoxy eins Ribonucleoproteirs 
(purple-red) (blue) 
| 
+ 
+ 


Fig. 1. Three osteoblasts in anaphase: chtomosomes dark blue-black, cytoplasm pale blue, area 
of cytoplasm between the two sets of chromosomes in each of the three dividing cells bright 
blue, due to ite high content of ribonucleoprotein. Methanol, May-G ald-Giemsa 
x 1200. 


During metaphase, after the nucleolus and the nuclear membrane have dis- 
appeared, the chromosomes contain both types of nucleoproteins, and they 
stain dark blue-black. In anaphase when the two sets of chromosomes move 
apart, the chromosomes still stain dark blue-black as in metaphase (Table 2). 
When the cells are treated with ribonuclease the blue-staining ribonucleo- 
protein is removed from the metaphase and anaphase chromosomes. They now 
stain red-purple due to their residual deoxyribonucleoprotein. Conversely, 
after treatment with deoxyribonuclease, in the presence of proteolytic in- 
hibitors, the purple-red staining deoxyribonucleoproteins of the meta- and 
anaphase chromosomes are removed and both meta- and anaphase chromo- 


chromosomes 
Cytoplasm (particularly area between + 
anaphase chromosomes) 
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While the two sets of chromosomes move towards the cell poles in anaphase, 
blue-staining ribonucleoprotein comes off the chromosomes. At the same time, 
ribonucleoprotein can be shown to be present in the cytoplasmic area between 
the two sets of chromosomes in a concentration higher than in the surrounding 
cytoplasm (Table 2 and Fig. 1). A 10 min. treatment with ribonuclease will 
digest away this material. 

In telophase the chromosomal threads have lost nearly all blue-staining 
ribonucleoprotein; they stain red-purple again, as in prophase, due to their 
deoxyribonucleoprotein content and the nucleolus is being reformed which 
stains dark blue, due to its ribonucleoprotein content. 

. The normal functioning of folic acid appears to be essential for the processes 
occurring during anaphase since folic acid antagonists, which block the 
function of folic acid, will arrest mitosis in metaphase. 


A circuit giving a continuous volumetric respiratory tracing. 
By J. N. Mitts. Department of Physiology, University of Cambridge 
Douglas & Haldane (1912) described a respiratory circuit with which the 
human subject could breathe, for an indefinite period, air of constant oxygen 
percentage. Carbon dioxide was absorbed by alkali and oxygen admitted 
automatically to replace that used in metabolism. If the large bladder in 
this circuit is enclosed in an airtight bottle connected to a spirometer it is 
possible, with certain precautions, to obtain a continuous volumetric re- 

spiratory tracing. 
REFERENCE 


Douglas, C. G. & Haldane, J. 8. (1912). J. Physiol. 44, 325. — 


A method for drawing micro-capillary tubes. By R. A. Wratez. 
Vision Research Unit, Medical Research Council, Institute of Ophthalmology, 
Judd Street, W.C. 1 


The apparatus described below can be set up without difficulty in any 
laboratory. It consists of a clamp (C) holding the glass tube (7') which is to 
be drawn out, a heating-coil (H) surrounding the tube, and a weight (W), 
which draws the glass when it is molten (Fig. 1a). The framework supporting 
_ the set-up is made from Kee-Klamp scaffolding. The glass tube is fixed in C 
by the pressure of a piece of rubber tubing held tightly against the brass 
block (B) by two screws (S). Vertically beneath it is the heating coil which 
consists of two complete turns of oxynickelchrome wire (R~2 Q/in.). The coil 
is connected through a switch and a rheostat to a 6 V. supply. The diameter 


of the coil is approximately 4 mm., and that of the tubing 1-5 mm. external 
and 0-75 mm. internal. 
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One end of the tube is bent into a hook so as to ensure that the line of pull 
is collinear with the axis of the tube; the latter is threaded through H and C, 

and the screws are tightened. 
~ The weight W (~540 g.) is then suspended from the hook, steadied and the 
current switched on. Care must be taken lest the coil touch the tubing. 

The advantages of this apparatus are these: it is easy to make micro- 
capillaries of about 31 in diameter; smaller capillaries (less than 1 1) have also 
been produced. Once the current and the spacing of the heating-turns are 
fixed a large number of similar capillaries can be obtained; the production 
of each does not take more than about 2 min. Casualties are due only to 
negligence; the percentage of micro-capillaries fit for use as micro-electrodes 


a 


WwW 
Fig. la. Fig. 15. Fig. le. 


is upward of 75. The shape of the tip can be fixed in a manner which is im- 
possible when a micro-flame is used: a closed spacing of the heating-turns 
(Fig. 16) produces a tip with a large-angle apex, which terminates in a small 
elongated cylinder, the actual micro-capillary. When the coil temperature is 
‘high (or the weight W large), this cylinder can be drawn out into a ‘whisker’. 
Experience shows that this protrusion is resilient when less than 1 mm. long. 
A wider spacing of the turns (Fig. 1c) gives rise to an entirely different tip; 
it is conical in shape, sharper and appears to be more brittle. In either case 
it is found that the glass melts more quickly when it is as near to the coil as 
possible without actually touching it, i.e. the coil and tube should not be 
_ coaxial. This asymmetry does not affect the shape of the tip adversely. Extra 

heating turns tend to make the tips rather longer. 
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Contractions of muscle produced by synchronous and asynchronous 
motor volleys. By P. A. Merton. Neurological Research Unit of the 
Medical Research Council, National Hospital, Queen Square, London 


It has been found that if a maximal motor volley is made less synchronous 
the mechanical twitch of the muscle becomes considerably smaller and briefer, 
a result which is quite contrary to ordinary expectations. The demonstration 
is on the human adductor pollicis muscle, tension being recorded by a strain 
gauge device connected to the proximal phalanx of the thumb. The ulnar 
"nerve is stimulated simultaneously at two points 5 cm. apart near the wrist, 
with the stimulus distant from the muscle maximal and the nearer stimulus 


Fig. 1. Approximately isometric twitches of the human adductor pollicis muscle in response to 
stimulation of the ulnar nerve at two points. Peak and half-relaxation times marked. Time 
signals 10 msec. and 0-1 sec. Left. Top: maximal shock at top electrode. Bottom: the same 
with a simultaneous half-maximal shock at lower electrode. Right. Top: as before. Bottom: 
submaximal shock at top electrode only; twitch same height as left bottom, for comparison 
of shape. 


half maximal. The resulting motor volley involves the same total number of 
fibres as with a single maximal shock, but it now arrives at the muscle in two 
half volleys separated by an interval equal to the conduction time between 
the two electrodes (about 1 msec.). With such an asynchronous volley the 
twitch tension is reduced as much as 30%, the peak brought forward and the 
time to half relaxation reduced (Fig. 1). The interval between half volleys 
can be varied from 0 to 2-5 msec. by sending in the smaller stimulus either 
before or after the maximal shock. Nevertheless, no further diminution occurs 
with intervals greater than 0-5 msec. This very brief time in which the effect 
reaches its maximum is difficult to reconcile with any mechanical explanation 
of the type put forward by Rushton (1932) for a similar phenomenon in frog 


muscle. Measurement of the accompanying action potentials shows that their 


small decrease in height with double stimulation is fully accounted for by the 
known asynchrony; hence the decrease in twitch tension cannot be due to 
neuromuscular block, which indeed could not explain the marked changes in 
twitch shape. The simpler possible explanations seem, therefore, to be in- 
adequate but no alternative analysis of the phenomenon is offered. Identical 
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ifesults have been obtained on the isolated tibialis anterior muscle of the 
cat. 

Another manifestation of the same effect is seen when the nerve is stimulated 
“at a distance from the muscle; at the elbow instead of the wrist. The longer 
conduction distance allows the faster travelling nerve impulses to gain a lead 
and so produces asynchrony in the instants of arrival of impulses at the 
muscle. As before, this reduces the height and changes the shape of the twitch. 
If the shock at the elbow is followed by one at the wrist timed to fall just 
after the elbow volley has passed, the wrist shock is quite ineffective, however 
‘strong. So exactly the same motor fibres are involved in the two cases. If the 
wrist shock just anticipates the elbow volley, the volley becomes synchronous 
and the twitch assumes the same form as that from the wrist shock alone. 
In this experiment the shock at the elbow causes contraction of the ulnar 
muscles of the forearm which jerks the hand and makes a small mechanical — 
contribution to the record. This is a complicating factor, but the experiment 
can be arranged so that it is kept constant. 


REFERENCE 
Rushton, W. A. H. (1982). J. Physiol. 74, 231. 


Normal and cirrhotic livers in Africans and Europeans. By H. 

Lenmann. Pathological Laboratory, Tunbridge Wells District Hospital, 

Pembury, Kent 
The conversion within a few months of a cirrhotic liver into an almost normal 
organ is demonstrated in serial biopsies performed on African subjects. (See 
also ‘Recovery of a fatty liver as demonstrated by sinal biopy’ (Lehmann & 
Hutton, 1950).) The results are comparable to those obtained on rats by 
Bellers, Lucas & Best (1948) and on microscopical examination special stains 
are required to demonstrate any abnormal deposition of fibrous tissue. But in 
contrast to the work of the Canadian authors the emphasis in the cure was 
on treatment of infections and infestations rather than on special dietary 
measures. 

It has been occasionally asserted that all Africans suffer from liver cirrhosis 
in various degrees. Liver biopsies are shown from Africans—ill and healthy— 
Which are as normal as biopsy or post-mortem specimens from normal Euro- 
Peans. 

Occasional invasion of portal tracts by round cells can be demonstrated in 
all adult livers—even in post-mortem specimens from healthy Europeans who 

died from accidents. 

| REFERENCES 

Lehmann, H. & Hutton, P. W. (1950). Trans. R. Soc. trop. Med. Hyg. 48, 363. 
Sellers, E. A., Lucas, C. & Best, C. H. (1048). Brit. med. J. 1, 1061. 
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- Variations in the lipid in the kidney of the cat correlated with 
sexual activity. By Mary C. Lossan*. The Physiological Laboratory, 
University of Cambridge 

Interest has recently been renewed in the peculiar intracellular lipids found in 

the kidney of the cat (Smith, 1920; Modell, 1933; Gairns & Morrison, 1949) and 

other carnivores (MacNider, 1945; Hewer, Matthews & Malkin, 1948). 

It has been suggested that the variations in kidney lipids might be corre- 
lated with the state of activity of the gonads. With this idea in view, the 
kidneys of some forty normal cats have been examined, together with those of 


cats in which the state of sexual activity has been influenced by experimental 


procedures. The extent of the fat deposits in the kidney of the adult cat can 
be correlated with sexual activity, most fat being present in the kidney of the 
pregnant female and the castrate male, while that of the anoestrous female 
contains no fat, or very little. 

The cytoplasm of the fat-containing cells, which are found mainly in the 
convoluted portions of the nephron, shows strongly acidophilic and sidero- 
_ tendencies when stained by the Azan and iron-haematoxylin methods. 

* With research grant from the Agricultural Research Council. 


Gairns, F. & Morrison, 8. (1949). J. Physiol. 110, 17 P. 

Hewer, T., Matthews, L. H. & Malkin, T. (1948). Proc. Zool. Soc. Lond. 118, 924. 
MacNider, W. (1945). Proc. Soc. exp. Biol., N.Y., 58, 526. 

Modell, W. (1933). Anat. Rec. 57, 13. 

Smith, C. (1920). Amer. J. Anat, 27, 69. 


Steel microelectrodes. By P. 0. Bisnor and R. Contin. Department of 

rg University College, London, and Department of Human Anatomy, 
A simple method for the preparation of fine steel needles with a tip diameter 
as small as 2. is of interest to those using certain methods of microdissection, 
while the production of microelectrodes of these dimensions has possible 
applications in leading off focal potentials from muscle and from peripheral 
and central nervous tissue. A technique for making fine steel microelectrodes 
without the laborious grinding usually involved is described together with their 
insulation and testing. 

While using the iron deposition method of Marshall (1940) for histological 
localization of microelectrodes, it was noticed that the very small current 
involved removed a relatively large portion of the fine tip in a few. seconds. 
Use was made of this observation in the following manner. Ordinary steel 
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‘sewing needles with a small diameter (size 9-12) were fitted in a pin vice 


connected to the positive pole of a 2 V. accumulator. The negative pole was 
connected to a stout piece of copper wire placed just under the surface of a 
molar solution of hydrochloric acid in a beaker. When the needle is moved in 
and out of the solution the metal is dissolved away by electrolytic action. As 
the tip is exposed longest to this action and the shank least a very gradual 
and even taper is produced. To ensure an even surface it is of prime importance 
that the products of reaction should be removed from the needle by washing — 
in running water and wiping between two layers of cloth or against the edge 


of a piece of filter paper. In & few minutes it is possible to produce a steel 


needle with a taper that may extend up to 2 cm. or more and have a final tip 
diameter as small as 2y. (cf. Fig. 1). When coated with insulating material 
such a microelectrode penetrates nervous tissue very readily, causes minimal 
damage and is surprisingly robust. Stainless steel wire (Johnson, Matthey 
and Co. Staybrite steel wire 37 s.w.g.) may be treated in a similar manner but 


“in this case a 4 V. accumulator is required. 


Fig. 1. Microphotograph (retouched) of the tip of a steel needle 
prepared by the method described. 


Before applying the insulating coat the needles were thoroughly degreased 
by washing in alcohol, then ether, followed by dipping in a commercial soapless 
cleanser and washing off the excess with ether. The most suitable insulating 
material of several tested was Bakelite L3128. The needles were dipped in 
the varnish, the surplus removed by means of a camel hair brush to prevent 
the formation of ‘blobs’ and the solvent evaporated off by placing the needles 
in an oven at 130° C. for 5 or 10 min. This is repeated once or more according 
to the amount of bare tip required after which the needle is baked for at least — 
half an hour at 150° C. 

The needles were next tested for uniformity of insulation. The simple test 
described first proved quite efficient when tested by the more exacting method. 
The needle is connected to one side of a sine wave generator oscillating at 
500-1000 c.p.s. The other side of the oscillator is connected in series with 
headphones to a very fine smooth wire which is run over the surface of the 
needle. Even fine pinholes demonstrate their presence as a click heard in the 


‘phones. The auditory method of testing allows the procedure to be observed 
- under a binocular microscope. A more thorough method is to use, in place of 
_ the smooth wire, a piece of fine cloth stretched taut and well moistened with 
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saline (0-7 94). The needle is inserted through this and a circuit is made through 
the pinholes by means of the saline contact. 

An attempt was made to measure the length of the bare area at the tip of 
the needle by inserting it by means of a micromanipulator through a piece of 
gold leaf mounted on a frame. Contact was made and broken within a space 
of 10p., the smallest distance measurable with the micrometer screw. 

When tested by means of an a.c. bridge and through saline (0-7%) these 
electrodes gave an impedance ranging from 5 to 100 kQ measured at 
1000 cyc./sec. A potential of under 5 V. was found necessary, otherwise the 
insulation was broken down. 

The resistance of the insulating layer measured by a 1-5 V. cell and a 
sensitive galvanometer was above 200 MQ. There is thus a high safety factor 
when dealing with biological material. 

" Thanks are due to Mr David Causley for his help in the development of the technique. 


REFERENCE 
Marshall, W. H. (1940). Stain Tech. 15, 133. 
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Hormones in the adrenal venous effluent. By I. E. Busx*. 
The Physiological Laboratory, University of Cambridge 
By means of parallel paper chromatograms adrenal cortical extracts, steroid 
extracts of dog adrenal venous blood and pure steroids have been compared. 
Free steroids are first separated off by partition with 80% isopropanol. 


Individual steroids are then separated by acetylation and chromatography — 


on alumina-impregnated paper. 

Glandular extracts yield a group of compounds at Ry 0-7 and Ry 0-95. The 
known active corticoids are all at Ry 0-95. 

Over a period of 6 hr. one adrenal gland secreted none of the known corticoids 
but only the unknown compounds at Ry 0-7. These have been partially split 
into three components corresponding to the glandular compounds. 

In another gland-effluent 5 hr. collection yielded the unknown compounds 
but only one known corticoid. This was identified as -17-hydroxy-cortico- 
sterone. 

Rough estimation by the colour of an iodine reaction indicated a rate of 
secretion of several mg./hr. 


* Work undertaken during the tenure of an M.R.C. Studentship. 
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Memoustration of nerve endings in the rat diaphragm. By C. Srrara- 

mayya*. Department of Physiology, King’s College, University of London 
in an investigation of the nerve endings present in the rat diaphragm the 
following were noted: 

(1) The presence of typical motor nerve endings. 

(2) The localization of these endings to a region approximately 2 mm. 
peripheral to the entry of the phrenic nerve. 

(3) The apparent absence of such endings in other regions of the diaphragm. 

(4) The region where the endings are seen corresponds with that in which 
motor end plate potentials are maximally obtained by Knox and others. 

Various techniques have been employed—the most satisfactory being that 
of Gairns. 
| * Madras Government Deputationist. 


REFERENCE 
Hajdu, 8. & Knox, J. A. C. (1950). J. Physiol. 111, 43. 


The movements of the epiglottis during deglutition (with film). By 
F.H. Kemp. The Nuffield Institute for Medical Research and The Institute of 
Social Medicine, Oxford 


There is still controversy as to the behaviour of the epiglottis during swallowing. 
The popular theory that it folds down over the entrance to the larynx to 
prevent food entering the airway has been disproved. It has been shown that 
_ there are several means of protecting the airway, of which the most important 
is the contraction of the glottis, and that the tongue of the epiglottis can be 
entirely removed without any apparent ill effects (Magendie, 1823). Stuart & 
M’Cormick (1892) observed a patient with a lateral pharyngostomy stoma, 
and noted that when he swallowed the epiglottis remained upright. Un- 
fortunately, their account is not complete. Various attempts have been made 
© analyse the movements of swallowing by radiography and with the aid of 
the fluorescent screen, but this presents difficulties owing to the action taking 
Place too quickly. Barclay (1933) attempted serial radiography, but technical 
limitations prevented him from obtaining satisfactory records of all phases of 
the motion. He observed that as the bolus went down, the epiglottis was first 
pushed back against the posterior pharyngeal wall and subsequently retracted 
forwards so that it projected ‘like a rock under a water fall’. He was unable 
to see what happened after the bolus passed, and his conclusions were that the 
epiglottis did not seem to take any vital part in the act of swallowing, or in 
closing off the pharynx. Negus (1929), who studied the problem clinically and ~ 
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purpose, being part of an apparatus which in certain lower animals is used in 


olfaction. 

Thirty normal men and women have been examined with apparatus devised 
by Ardran & Tuckey, whereby serial radiographs were obtained at the rate of 
25 frames/sec. These films show that when the apex of the bolus reaches the 
vallecula it displaces the epiglottis backwards against the posterior pharyngeal 
wall. Then, as the main mass of the bolus enters the pharynx, the larynx is 
pulled upwards and forwards and the epiglottis is drawn forwards. The lumen 
of the larynx is constricted and arched backwards but is not covered by the 
epiglottis. In the concluding phases of swallowing, as the bolus is squeezed 
out of the pharynx, the larynx bends backwards and the epiglottis becomes 
turned down so that it folds tightly over the laryngeal entrance. When re- 
inflation of the airways takes place the larynx falls back to its normal position, 
and as it does so the epiglottis sweeps upwards, and if any food has been forced 
into the laryngeal vestibule it is then driven out into the pharynx. The larynx 
is re-inflated from below and the pharynx from above. 

In order to confirm these findings a silver clip was placed upon the tip of 
the epiglottis of a volunteer and a further series of films were taken, with the 
subject swallowing water. From these it is easy to follow the movements of 
the epiglottis. Several frames show two images of the clip, since the film is 
stationary during two 50-cycle impulses (at 25 frames/sec.). From this the 
maximum speed of movement can be calculated; approximately 1 cm. in 
20 msec. This explains the difficulty previous observers have encountered in 
visualizing the movements of the epiglottis. 


REFERENCES 
Barclay, A. E. (1933). The Digestive Tract. Cambridge University Press. 
Magendie (1823). Compendium of Physiology, pp. 191-6. 
Negus, V. E. (1929). The Mechanism of the Larynz, London: Heinemann. 
Stuart, T. P. A. & M’Cormick, A. (1892). J. Anat., Lond., 26, 231. 


Rate of gaseous nitrogen elimination on breathing oxygen. By 
Watter M. Boorasy and Gunnar Lunpin. Aero Medical Unit, Mayo 
Foundation, Rochester, Minn., U.S.A., and the Laboratory for Aviation 
Medicine, Institute of Physiology, University of Lund, Sweden 


Boycott, Damont & Haldane (Admiralty Committee, 1908) for preventing 
‘bends’, successfully utilized the hypothesis that saturation, desaturation with 
neutral gases is as predictable in humans as in physical solutions, if proper 
half-time is assumed. Campbell & Hill (1933) demonstrated goat’s fat did not 
follow the half-time corresponding to in vivo saturation. 
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Behnke (U.S. Navy) and associates (1935-41) reported extensive nitrogen 
elimination studies, one for 15 hr. 
Boothby, Lovelace & Benson (for U.S. Air Force, 1940) first showed accu- 
mulated tissue nitrogen elimination is a straight line on log-log paper: N,, =at® 


{data released first as a semi-log plot). 


Boothby, Lundin & Helmolz (1948), using modified instantaneous Lilly- 
Anderson Nitrogen Meter (Johnson Foundation for U.S. Navy), devised 
pulmonary efficiency and circulation rate tests. 

‘Nitrogen ‘wash-out’ elucidates errors in short metabolic tests (oxygen 
closed circuit). Hyperventilation reduces alveolar fN, about 1% vitiating 


“assumptions used in calculating alveolar r.Q. in ‘near-steady states’. 


Data presented on slides. 


: Comparison of arm and general body sweat. By Ruts van HEYNINGEN 


and J. 8. Werner. M.R.C. Climatic and Working Efficiency Unit, Oxford 


The main osmotic constituents of arm sweat are chloride, lactate and urea 
(Weiner & van Heyningen, 1949). We have compared sweat collected simul- 
taneously in an arm bag and from the general body surface with respect to 
these three solutes. _ 

Two subjects were exposed to fourteen different environments. Four cycles 
of 20 min. step-climbing and 10 min. rest were performed in a large bath. The 


“man and bath were then washed with distilled water and the solutes estimated 


in the mixture of sweat and washings. Body water loss was calculated from 


change in body weight, allowing for water drunk and urine passed. 


. The proportion of chloride to lactate increases with environmental thermal 


severity, under both dry and humid conditions. While in any exposure the 


solutes from the two situations constitute very similar mixtures, the relative 
output of solutes to that of water is such that arm bag sweat is always more 


concentrated than that from the body. 


REFERENCE 
Weiner, J. 8. & van Heyningen, R. (1949). Nature, Lond., 164, 351. 


Clot contraction. By Bzsstz M. Stitt. Department of Chemical Pathology, 
St Mary’s Hospital, London 

This work was carried out to investigate a possible association between clot 

_ contraction and fibrinolysis and to elucidate further the role of platelets in the 

contraction process. Clot contraction was determined by the method of 

' Macfarlane (1939), and the number of adhesive platelets according to the 

| technique of Payling Wright (1941). 
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The experimental results have shown that contraction is not associated with 
fibrinolytic agents, or with extra-platelet thromboplastin or with thrombin. 
First, contraction was found to be proportional not only to the number of 
whole platelets in the plasma but also to their adhesiveness. Secondly, an 
inverse relationship was observed between the number of adhesive platelets 
necessary for contraction and the fibrinogen concentration. 


These two facts support the platelet theory of contraction and suggest that 


the action of the platelets as foci for the laying down of fibrin is important as 
a means of anchoring the intersections and ensuring contraction of the whole 
mass of the clot, rather than contraction of individual fibres. 


Macfarlane, R. G. (1989). Lancet, 1, 1199. 
Payling Wright, H. (1941). J. Path. Bact. 58, 255. 


Haemolysis of foetal sheep erythrocytes in hypotonic saline in- 
vestigated by a photo-electric method. By W. F. Wippas. Depart- 
ment of Physiology, St Mary’s Hospital Medical School, London 

A photo-electric method has been employed in studying the rate of haemolysis 

of foetal sheep erythrocytes in hypotonic saline. 

Analysis of the results obtained from experiments with erythrocytes from 
foetuses of 50-120 days foetal age gives a satisfactory fit to theoretical equations 
advanced by Jacobs (1926). ~ , 

By using this method of analysis to obtain a measure of the cell permeability 
to water it is found that there is a progressive increase of permeability with 
foetal age. 

From the detailed results it is also adduced that cells of widely different 
permeability do not exist in one and the same blood, and the progressive 
change with foetal age is therefore interpreted as an intravascular change in 
the properties of the cells. 

REFERENCE 
Jacobs, M. H. (1926). Harvey Lect. 22, 146. 


Determination of the fat and cellular tissues in living animals. By 
R. A. McCance and E. M. Wippowson. Medical Research Council Depart- 
ment of Experimental Medicine, Cambridge 

The extracellular fluid volume was determined with thiocyanate, and total 

body water by measuring the volume into which a known weight of urea 

distributed itself when taken by mouth. The concentration of urea in the 
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water of the blood was followed for some hours, and by measuring the urea 

excreted before and after giving the urea the amount of the dose still in the 

_ body at various times was calculated. The weight of the cell mass was obtained 
on the assumption that 67% of it was water. An allowance was niade for 
minerals, and the amount of fat in the body was obtained by difference. 

The method has so far only been applied to man, but it has possibilities 
for animals. The results which have been obtained with it are so far mainly 
of medical interest and are being published elsewhere with details of the 
method. 


The equilibrium between carbon monoxide and sheep haemoglobin 
at very high saturations. By F. J. W. — Department of 
Colloid Science, University of Cambridge 


In this range, the equilibrium between CO and bideuiinihaei should, on the 
intermediate compound hypothesis, be given by 


y (percentage saturation) _ 3+4L, Poo (1) 

_ 1, being the equilibrium constant of the reaction CO+ Hb,(CO),=Hb,(CO),. 
Equation (1) has been verified by new experiments for y=98% to y=99-7%. 
The value of L, thence calculated varies considerably with pH and temperature. 
K,, the corresponding constant for the O, + Hb,O,=Hb,0, reaction, is obtain- 
able indirectly by dividing L, by M, the partition constant of CO and O, for 

‘haemoglobin. K,, the equilibrium constant of the O,+ Hb,=—Hb,0, reaction, 
is determined directly (Paul & Roughton, 1949), and with two of the inter- 
mediary constants known, a more decisive application of the theory than 
heretofore to the oxyhaemoglobin dissociation becomes possible, with fresh 
light on the physical chemistry of the O,-Hb reaction. 


: Paul, W. & Roughton, F. J. W. (1949). J. Physiol. 109, 29. 


Inherent acclimatization of indigenous West Africans. By W. 8. 8. 
LapDELL. Colonial Medical Research Committee's Laboratory for Hot Climate 
Physiology, Oshodi, near Lagos, Nigeria 

The inherent acclimatization to severe heat and humidity of a group including 

all main Nigerian tribes was equivalent to that acquired by non-acclimatized 

Europeans in England from 3 days’ artificial acclimatization. Artificial 

acclimatization of Nigerians improved their performance in the heat, but 
“their rate of improvement fell off earlier than it had done with Europeans 
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being acclimatized in London. The Africans reached in 6 days the same total 
sweat production per exposure that the Europeans had taken 10 days to 
reach; in both cases sweating was not increased markedly with further ex- 
posures. Sweat per unit surface area was, however, greater for ‘near-fully 
acclimatized’ Africans than it had been for ‘ near-fully acclimatized’ Europeans. 
Sweat-gland fatigue developed earlier in Africans than in Europeans, total 
cessation of visible sweat sometimes occurring within 90 min. The chloride 
content of sweat from Africans was significantly less than that of sweat from 


Europeans. 


Adenosine triphosphate (ATP) and acetylcholine (ACh) in the 
contraction of striated frog muscle. By A.B. L. Bezndx. Physiology 
Department, University of Birmingham 

ATP has no direct ability to contract striated frog muscle (rectus abdominis in 

Ringer). When following the addition of ATP a contraction develops (Buchthal 

& Folkow, 1944; Buchthal, Deutsch & Knappeis, 1944) it is due according to 

our experiments to ACh (or a like substance) appearing in the bath. 

Many muscles are ATP refractive (Abdon, 1942). 

The ‘ATP-contraction’ develops slowly, and it is small; eserine potentiates 
it, or turns a refractive muscle into sensitive; p-tubocurarine or atropine 
abolish the ATP effect. The ATP bath, in which a rectus has slowly contracted, 
causes, added to another rectus, a quick ACh-like contraction. Removal of 
the ATP by Harpur & Quastel’s method (1949) (which leaves ACh unaltered) 
does not diminish the ability of the bath to cause contraction. This remaining 
activity is potentiated by eserine; and abolished by curarine, atropine and 

Since the ACh content of the ATP bath often becomes greater than that of 
the rectus, the ACh appears in the bath in consequence of synthesis and not of 

mere liberation. 
REFERENCES 

Abdon, N. C. (1942). Dissert. Lund. Cit. Buchthal & Folkow (1944). 

Buchthal, F., Deutsch, A. & Knappeis, G. G. (1944). Acta physiol. Scand. 8, 271-8. 

Buchthal, F. & Folkow, B. (1944). Acta physiol. Scand. 8, 312-16. 

Harpur, R. P. & Quastel, J. H. (1949). Nature, Lond., 164, 779-82. 


Some observations on the antidiuretic properties of plasma and 
serum of rats. By 8. E. Dicker and M. Grnssure. Department of 
Pharmacology, University of Bristol | 

Rats’ serum injected subcutaneously (1 ml./100 g.) in hydrated rats is anti- 

diuretic, confirming observations of Birnie, Jenkins, Eversole & Gaunt (1949); 

this antidiuretic activity is approximately of the same magnitude as that pro- 
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anced by 0-6 milliunit of vasopressin per 100 g. body weight. The activity is not 
‘Yost after standing at 4° C. for 18 hr. Heparinized rats’ plasma did not have 


‘a definite antidiuretic activity. Vasopressin added to serum (1-5 mU./ml.) was 


rapidly inactivated; vasopressin added to plasma (1-5 mU./ml.) was not in- 
activated. After heat coagulation of serum the supernatant fluid had approxi- 
mately twice the antidiuretic activity of fresh serum. Plasma or serum from 


tats in which it is likely that antidiuretic hormone is circulating in the blood 
(e.g. dehydrated rats and rats injected with large amounts of vasopressin) did 


not have a greater antidiuretic activity than plasma or serum from normal 
animals, 
These observations suggest that the antidiuretic substance of normal rats’ 


Serum is not posterior pituitary hormone. 


Bimic, J. H., Jenkins, R., Eversole, W. J. & Gaunt, R. (1949). Proc. Soc. exp. Biol., N.Y., 70, 83. 


-Antidiuretic substance in human urine after smoking. By N. B. G. 


Taytor and J. M. Watxer. Department of Pharmacology, University of 
Oxford 
Burn, Truelove & Burn (1945) showed that cigarette smoking inhibits water 
diuresis in man, and suggested that the nicotine causes an output of anti- 
diuretic hormone from the posterior lobe of the pituitary. 
’ Fourteen experiments have been done on three normal non-smoking human 
subjects. Specimens of urine passed before and after the smoking of one 
Cigarette were extracted separately by the method of Noble, Rinderknecht & 


‘Williams (1939) and tested for antidiuretic activity on rats by the method of 


Burn. To obtain enough material for assay, extracts from individual experi- 
Ments were pooled. Extracts of urine passed after smoking had an anti- 
diuretic action which was abolished by treating with n-NaOH for 1 hr. at 
foom temperature, whereas extracts of urine passed before smoking had no 
antidiuretic action. In three assays, the antidiuretic activity was estimated 
a8 equivalent to 10-20 milliunits pituitary (posterior lobe) extract per 100 ml. 
urine. 


Burn, J. H., Truelove, L. H. & Burn, I. (1945). Brit. med. J. 1, 403. 
Noble, R. L., Rinderknecht, H. & Williams, P. C. (1939). J. Physiol. 96, 293. 
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Uterine sympathin and noradrenaline. By Monica Mann and G.{B. 
West. Pharmacological Laboratory, School of Pharmacy, Umwwersity of 
London 


Blood taken from the ovarian vein of a non-pregnant cat under chloralose, 
during intermittent stimulation of the hypogastric nerve, contains substances 
with the properties of noradrenaline and adrenaline. 

The activities, when tested on the non-pregnant isolated rat uterus, the 
isolated rectum of the week-old chick, and the chronically denervated nicti- 
tating membrane of the cat, correspond to mean values of 0-037 yg./ml. plasma 
for noradrenaline, and of 0-005 ug./ml. plasma for adrenaline. Ligation of the 
adrenal vessels did not affect the result. In two out of thirteen experiments, 
noradrenaline was not found. These findings are in agreement with those 
found by direct recording of uterine movement in situ (West, 1949). 


REFERENCE 
West, G. B. (1949). J. Physiol. 110, 19 P. 


Antidromic vasodilatation in the rabbit’s ear. By Pameta Ho.ton,* 
Physiological Laboratory, Cambridge, and W. L. M. Perry, National Institute 
for Medical Research, Mill Hill, London, N.W. 7 


Antidromic vasodilatation in the sympathetically denervated rabbit’s ear, 
produced by stimulation of the cut great auricular nerve, has been recorded 
with a photocell. The current passed by the cell is proportional to the light 
entering it, and is recorded on a moving paper camera through a circuit in- 
cluding cathode followers and a mirror galvanometer. 

This method is sensitive to small changes in the degree of vasodilatation; 
reproducible vasodilatation, lasting 1-3 min., is régularly obtained in response 
to single shocks of 1-0 msec. duration. Atropine and neoantergan, in doses 
which abolish the action of intra-arterial injections of acetylcholine and 
histamine respectively, do not affect antidromic vasodilatation. 

Hellauer & Umrath (1948) claimed that the substance causing antidromic 
vasodilatation was identical with the central synaptic transmitter of sensory 
nerves, and that strychnine inhibited the enzymatic destruction of this sub- 
stance. Strychnine, however, does not affect antidromic vasodilatation. 


* With a grant from the Medical Research Council. 


REFERENCE 
Hellauer, H. F. & Umrath, K. (1948). Pfliig. Arch. ges. Physiol. 249, 619. 
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Variations in mammary blood flow during the menstrual cycle. 
By V. R. Picxtes. Department of Physiology, King’s College, Newcastle wpon 
Tyne 

Daily measurements by means of an instrument described previously have 


been made over three menstrual cycles on a normal non-lactating subject. The 
_ results suggest that the rate of mammary blood flow is least in the 2nd week 


and greatest in the 4th week of the cycle, averaging 36 + 10% (8.x. of difference 
of means) more in the latter week. A smoothed curve of the mammary 
readings bears a general resemblance to that of body temperature, but the 
correlation between pairs of individual readings is not significant. 


REFERENCE 
Pickles, V. R. (1949). Quart. J. exp. Physiol. 35, 219. 


_ Inhibitors of autonomic ganglia on the isolated guinea-pig’s ileum 


preparation. By W. Fetpsere. National Institute for Medical Research, 
Mill Hill, London, N.W. 7. 


_ In order to establish how far stimulation of the myenteric plexus contributes 
~ to intestinal contractions produced either spontaneously or by drugs, we 


_ Tequire substances which do not reduce the excitability of the muscle fibres 
' as well. Paralysing doses of nicotine do so to a great extent (Emmelin & 


3 Feldberg, 1947). Because of a weak atropine-like action p-tubocurarine is also 


unsuitable, and even tetraethylammonium iodide apparently is not specific. 
_ Hexamethonium proved suitable. Paton & Zaimis (1949) discovered its strong 


_ paralysing effect on autonomic ganglia. 


On the ileum, hexamethonium does not vases the response to histamine or 
pilocarpine, that to acetylcholine and potassium very slightly, but that to 


' barium strongly. The barium contractions are, therefore, as suggested by 


_ Ambache (1946), partly ganglionic in origin. A piece of ileum close to caecum 
_ often exhibits spontaneously quick, sharp contractions, which are abolished 


by hexamethonium, and thus ganglionic in origin. 


REFERENCES 


Ambache, N. (1946). J. Physiol. 104, 266. 
Emmelin, N. & Feldberg, W. (1947). J. Physiol. 106, 482. 
Paton, W. D. M. & Zaimis, E. J. (1949). Brit. J. Pharmacol. 4, 381. 
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Variation in the adrenaline motor response of the isolated terminal 
ileum of the guinea-pig with body weight and exposure to anti- 
cholinesterase drugs and atropine. By A. F. Munro. Department of 
Physiology, King’s College, University of London 

An isolated segment from the terminal ileum of the guinea-pig, unlike that of 

the rabbit and rat, is contracted by adrenaline, but the strength of the response 

varies considerably between animals (Munro, 1951). Analysis now shows an 
inverse relation between body weight and strength of contraction to adrenaline. 

Foetal gut is, however, relaxed by adrenaline. 

The adrenaline response is prevented by ergotoxine and nicotine, but not 
by TEA. Physostigmine, neostigmine, DFP and TEPP reduce, abolish or 
reverse the motor response to adrenaline; but the latter inhibits the spon- 
taneous rhythmicity induced by these drugs. 

Atropine potentiates the adrenaline contraction and abolishes the in- 
hibitory effect of the anticholinesterases. It also reverses the normal re- 
laxation response observed in the foetus and, occasionally, in very large adult 
animals. 

REFERENCE 


Munro, A, F, (1951), J. Physiol. 112, 84. | 


The effect of some anticholinesterase drugs on the isolated tracheal 
muscle of the guinea-pig. By W. W. Dovetas 


The role of broncho-constriction in anticholinesterase poisoning has prompted 
study of the effect of such drugs on respiratory tract muscle. Eserine sulphate 
(1 : 10,000,000), TEPP (1 : 10,000,000) and DFP (1 : 1,000,000) each causes 
the tracheal muscle of the guinea-pig to contract, besides sensitizing it to 
acetylcholine. The contractions differ from those produced by added acetyl- 
‘ choline, being slower in onset and rate. In this respect they resemble the 
responses of the gut to cholinesterase-inhibiting drugs (Adrian, Feldberg & 
Kilby, 1947), suggesting as their cause endogenous formation of acetylcholine. 
The contraction caused by a maximal concentration of any of these three 
drugs is less than by a maximal concentration of acetylcholine. TEPP is 
usually without further constricting effect after maximal doses of eserine. 
Atropine sulphate (1 : 100,000,000) abolishes the contractions. Washing re- 
moves the spasm due to eserine, or high concentration of TEPP (1 : 20,000 for 
60 min.). The effect of DFP, however, is more persistent. 


REFERENCE 
Adrian, E. D., Feldberg, W. & Kilby, B. A. (1947). Brit. J. Pharmacol. 2, 56. 
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. ‘Jodochromes of substances related to adrenaline. By R. Barer, 


H. Biasonko and H. Lancemann. Departments of Human Anatomy and — 
Pharmacology, University of Oxford 


_ The coloured substance formed when iodate is added to a solution of adrenaline 
_ was isolated some time ago (Richter & Blaschko, 1937). We have now prepared 


in crystalline form the iodochromes of noradrenaline, hydroxytyramine, 
isoprenaline and epinine. Some of these substances yielded enough material 


for an elementary analysis; this gave figures in good agreement with the 


_ structure proposed in 1937: 


A, 
H 


_ Noradrenaline gave crystals less readily than adrenaline, and no crystalline 
-iodochrome has been obtained from adrenalone. 


The iodochromes exhibit a marked dichroism which is shown in Figs. 1 and 2. 


REFERENCE 
Richter, D. & Blaschko, H. (1937). J. chem. Soc. p. 601. 
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Fig. 1 A, B. Crystals of the iodochrome of adrenaline. Photographed in polarized light (single 
polarizer) to show dichroism. Note how the dark crystals in A become light in B (and vice 
versa) as the direction of polarization is varied. x 375. 


Fig. 2A, B. Crystals of the iodochrome of epinine. Conditions similar to those in Fig. 1. Very 
strong dichroism. x 375. 
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; Respiratory quotient determination by air sampling in man. By 


G. H. Anmrrace and W. Metvitte Arnorr. Department of 
Queen Elizabeth Hospital, University of Birmingham 


The term respiratory quotient as here employed includes the ratio of CO, 
‘output to O, uptake estimated from any sample containing expired air, however 


“brief the period of collection. 


The fact that the n.Q. is altered by any change in pulmonary ventilation/ 
- perfusion ratio as in overbreathing makes it difficult to obtain repeated similar 


_ values in a fasting subject or to follow closely changes after glucose ingestion, 
- etc. The simple technique demonstrated enables the z.9., but not the absolute 
"rates of gas exchange, to be determined without provoking the disturbance of 
natural respiration apt to occur when all the expired air is collected. 


It is perhaps not always appreciated that the r.Q. derived from a sample of 
' expired air is not altered by dilution with room air (though with much dilution 
_ the value becomes unduly dependent on accurate analysis). 
From the ordinary 8.Q. equation assuming dilution by X vols. of room air: 
4 CO,% exp. + XCO,% insp. —(X +1) CO,% insp. 
N,% exp. + XN,% insp. 
+1) 0,% insp. x (X +1) N.% insp. (0,% exp. + XO,% insp.) 
CO,% exp. —CO,% insp 
N,% Insp. N,% insp. 


CO,% exp. —CO,% insp. 


“fo: insp. x ~0,% exp. 


That is, the factor of dilution X disappears from the equation. 
All that is thus required to determine the mean B.Q. over a given time is a 


_ sample of air collected continuously at a constant rate through a fine polyvinyl 


chloride tube fixed in the respired air stream, e.g. in the vestibule of the nose. 


_ The subject should (1) rest quietly before and throughout a series of collections, 
_ (2) keep the mouth closed, and (3) keep awake. (It has become evident that 
_ even drowsing is accompanied by CQ, retention with a sharp fall in R.Q.) 


Originally collection was by mercury dripping slowly from a gas sampler. 


In twenty-four experiments on twenty untrained fasting subjects B.Q.’s 


determined from two successive 5-10 min. samples thus obtained corresponded 


_ within 0-01 in fifteen instances and within 0-02 in a further three. The six 
_ Temaining pairs showed greater differences, presumably because the subjects 
_ were not in a steady state. Subsequent z.Q. determinations after glucose gave 


4 smooth curves well related to the amount of glucose given in the 75% of 
" experiments where the baseline was satisfactory. 
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A second application of the method then suggested itself. Virtually the only 
present method of comparing the functions of individual lungs in man is by 
bronchospirometry, which is difficult and liable to distortion by the obstructive 
element inherent in a tube fixed in a bronchus so that all the air flows through 
it. However, an R.Q. value for each lung and for the combined lungs can be 
determined from samples collected through a fine tube resting in each main 
bronchus, and a third tube at the bifurcation of the teaches. These are easily 
inserted under bronchoscopic control. 

The apparatus demonstrated permits the simultaneous filling of three 
sampling tubes. These are filled with mercury and clipped to a fixed horizontal 
bar. Each is connected to a reservoir mounted on a vertical screwed shaft 
(26 threads to 1 in.) rotated at 17 r.p.m. by a geared electric motor. As the 
reservoir falls mercury leaves the sampling tubes, being replaced by air from 
the collection sites. Complete filling takes about 9 min. 

The 8.9. in any zone of respiratory exchange depends upon (1) the gas ten- 
sions in mixed venous blood and inspired air, and (2) on the ratio of perfusion 
to ventilation. Since the former factors are common to both lungs differences 
in B.Q. reflect differences in ventilation/perfusion ratio. Thus should disease or 
mechanical interference alter one lung’s blood flow relative to its ventilation 
it is possible from z.Q. differences in the three simultaneous samples (right lung, 
left lung and trachea) not only to determine the nature of the functional 
asymmetry (i.e. hyper- or hypoventilation, relative or absolute), but to estimate 
its magnitude. 

The papers of Fenn, Rahn & Otis (1946), Rahn (1949) and Riley & Cournand 
(1949) have given us insight into the concept of how differences, both regional 
and temporal, in ventilation/perfusion ratios may affect the R.Q. 


We are indebted to A. L. d’Abreu, F.R.C.S., and J. Leigh Collis, F.R.C.S., for invaluable help, 
A. C. Pincock for technical assistance and Imperial Chemical Industries for an expenses grant. 


Fenn, W. O., Rahn, H. & Otis, A. B. (1946). Amer. J. Physiol. 146, 637. 
Rahn, H. (1949). Amer. J. Physiol. 158, 21. 
Riley, R. L. & Cournand, A. (1949). J. appl. Physiol. 1, 825. 


An adaptation of the Wélfflin apparatus for the analysis of stereo- 
scopic vision. By H. Campsrtt and F. C. Ropazr. Medical School, 
University of Durham 


A three-dimensional object is afforded by exhibiting through a series of 


apertures a single target above two horizontally placed targets; the upper one 
is set either before or behind the lower ones (Fig. 1). 
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The targets may be viewed either in a stationary position through a 
_ mechanical shutter, or with the upper one rotating in the sagittal plane, the 
_ speed of rotation being controlled by a rheostat. 
The separable distances in any dimension, the distances from the observer, 
the size and colour of the targets may all be varied. Coated with radium paint, 
_ they may also be used under conditions of dark adaptation. 


Frontal view of targets through screens 


Rotatable 
Screen target Screen 


2 and rod 3 Fixation light 


\ 
A Si Variable Fixed target Motor with 
Adjustable. resistance and rod pulley drives 
chin rest 
Fig. 1. 


Thus it is possible to exclude one by one for both monocular and binocular 
vision in light and in dark such physical factors (probably relevant to our 
stereoscopic perception) as apparent size, modification of colour, intersection, 

shadow, chiaroscuro, and geometric perspective. Physiological processes like — 
accommodation, fixation movement, and fusion can also be eliminated 
experimentally. 

Under these conditions it is geometrically possible to determine the arcs 
subtended by the various disks and to calculate what differences the eye is able 
to detect. 

As the observations must, however, be subjective, a statistical problem 
arises in interpreting the results. The subjects are presented with the targets 
in various positions in a random order until sufficient answers have been 
received at each position to determine whether the subject is doubtful or not. 
In this way it will be possible to determine the regions within which it is not 

“possible to detect differences in distance. 
REFERENCE 
Wolfflin, E. (1945). Ophthalmologica, 110, 213. 
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The simultaneous measurement of total blood flow and pressure 
in the pulmonary artery with differential and ordinary condenser 
manometers. By I. G. Baxter and J. W. Pearce. University Laboratory 
of Physiology, Oxford 

The demonstration of discharges in afferent pulmonary vascular fibres of the 
vagus nerve (Whitteridge, 1948) has led to attempts to determine the nature 
of the stimulus to the receptors of these fibres. Since the character of bursts 
of impulses changes from beat to beat during alterations of lung volume and 
intrapulmonary pressure, investigation of corresponding changes in pulmonary 
vascular haemodynamics must also be directed towards beat to beat measure- 
ments. Changes in pulmonary arterial pressure pulses do not distinguish 
between variations in pulmonary blood flow and in peripheral resistance of the 
pulmonary vascular bed; consequently a method of measuring simultaneously 
the total pulmonary blood flow and the pulmonary arterial pressure has been 
devised. By providing means of making instantaneous measurements of right 
heart output the method may be applied to elucidating further the control of 
the pulmonary vascular bed and the causes of pulmonary arterial pressure 
variation. 

The method of recording flow involves the use of a pitot head to measure, 
in terms of differential pressure, the blood velocity through a ring of known size 
inserted into the pulmonary artery. The differential pressure between the for- 
ward and lateral facing pitot orifices is transmitted to a condenser manometer 
system. The circuit used includes automatic compensation for the square law 
relating differential pressure to velocity so that the output, which is fed to 
a cathode ray oscillograph, is proportional to flow. The pulmonary arterial 
pressure is measured by an independent condenser manometer connected to 
the forward facing orifice only. 

The ring and pitot head of the cannula (Fig. 1) are inserted into the exposed 
pulmonary artery through a longitudinal incision which is subsequently closed 
by sliding the saddle izito place and retaining it with the clamping nut. 
A band around the artery holds it against the ring to ensure that no blood 
by-passes it. The chest wound is closed, and following evacuation of air in the 
thoracic cavity natural respiration is usually resumed. The union is then 
coupled by lead tubing to the condenser manometers. 

The chief instrumental limitation lies in uncertainty regarding the effect of 
vessel configuration on the pressure outputs of the pitot head, previously 
calibrated in a brass tube. Correction for this is approximated to by calibrating 
the pitot head im situ in the excised heart following each experiment. 
Ripples in the flow and pressure tracings so far obtained (Fig. 2) indicate 
that the natural frequency of the recording system could, with advantage, be 
higher. 
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The use of this method has certain adverse effects on the natural function 
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of the vascular system of the animal. The presence of the pitot assembly in the 
‘vessel may as much as double the resistance to peak flows. Corrections can be 
_made to allow for this pressure loss and for variations in intrapleural pressure 


in determining the effective pressure exerted on the pulmonary vascular bed. 


_ The use of heparin makes continual blood loss from the chest wound inevitable. 
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Fig. 1. Pulmonary arterial cannula incorporating pitot head. A, obturator; B, union; 
C, clamping nut; D, split sleeve; E, sleeve; F, saddle; G, ring; H, pitot head. 


It is unlikely that vascular nerves travelling along the pulmonary arterial wall 
would survive the application of the band to its circumference. 


Fig. 2. Record during normal respiration. From above downwards: 50 c.p.s., E.C.G. badly 


modulated by 50 c.p.s., intrapleural pressure (inspiration downwards), pulmonary arterial 
flow, and pulmonary arterial pressure. 


Subject to its limitations and to agreement later with other methods of 


determining heart output, preliminary results indicate that the method described 
“ean yield quantitative information of the kind desired, and permits the estima- 
tion of instantaneous total peripheral resistance of the pulmonary vascular bed. 


REFERENCE 
Whitteridge, D. (1948). J. Physiol. 107, 496. 
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Repetitive discharges from the isolated atria. By G. 8. Dawzs and 
J. R. Vane. Nuffield Institute for Medical Research, University of Oxford 


During some experiments designed to measure more accurately the refractory 
period of the isolated guinea-pig atria, repetitive discharges in response to a 
single stimulus were observed. The normal rate of beat of the atrium at 37° C. 
is 2-4 per sec. The atrium was stimulated by application of a square constant 
current pulse (A) at a frequency slightly greater than the normal rate of beat, 
and the resulting action potentials recorded from the surface of the muscle. 
Every fourth stimulus (A) was followed at a predetermined time interval by a 
test-pulse (B) of similar form and duration, but of variable strength, in order to 
delineate the refractory period. Under these conditions the absolute refractory 
period is approximately 60-80 msec. and the relative refractory period up to 
120 msec. When the test-pulse (B) is of adequate strength, and falls just out- 


side the absolute refractory period it is not uncommon for the atrium to respond 


with from two to ten repetitive discharges, at a frequency much greater than 
its normal rate of beat; the intervals between these discharges are sensibly 
constant and slightly greater than the value of the absolute refractory period 
as determined at the time. Thus the repetitive discharge is initiated only when 
the interval between pulse A and B is such that it closely approximates to the 
intervals between the subsequent discharges, which may have a frequency of 
up to 15 per sec. The number of repetitive charges is by no means limited to 
ten. On numerous occasions the discharges have continued spontaneously 
after the stimulators have been switched off, for periods of up to one hour. The 
phenomenon has been observed in small strips of atrial muscle in which it is 
most improbable that a circus movement can exist. It appears to originate 
from the neighbourhood of the stimulating electrode, and may be due to the 
persistence of a supernormal period as described by Adrian (1920) and Segers 
(1941, 1947). 
REFERENCES 

Adrian, E. D. (1920). J. Physiol. 54, 1. 

Segers, M. (1941). Mem. Acad. Roy. Med. Belg. 

Segers, M. (1947). Arch. int. Pharmacodyn. 76, 144. 


Cine-radiographic equipment. By G. M. Arpran and M. 8. Tuoxey. 
Nuffield Institute for Medical Research, University of Oxford 
(1) Direct 35 mm. X-ray cine, taking pictures 17 x 24 mm. at 25-50 frames 
per sec. 
(2) Indirect X-ray cine. In this machine a fluorescent screen image of any 
size may be photographed at 25-50 frames per sec. on to 35 mm. film. 
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The main feature of these items is the use of 35 mm. cine projectors as the 
_ basic unit. The Geneva movement used in these projectors is synchronized with 
the half-wave rectified 50 cyc./sec. a.c. supplying the X-ray tube. This means 
_ that at 25 frames per sec. each picture is taken with two impulses and the film 
is moved during one of the suppressed impulses. At 50 frames per sec. each 
picture is taken with one mains impulse and the film moves during the next 
_ suppressed impulse. No shutter mechanism is therefore required. 


, Another method of recording heart-rate on the kymograph. By 
_ G.8. Dawes. Nuffield Institute for Medical Research, University of Oxford 


De Burgh Daly & Schweitzer (1950) described a method for recording heart 
tate on the kymograph which depends upon the mechanical detection of each 
pulse wave, and is very largely independent of changes in blood pressure. An 
alternative method is to use the electrocardiogram for initiating a short- 
lasting current pulse, which then operates the mechanical counter. Since the 


3103 
$ 
01 2 0005 uF 
100kNS 
375kN 
Z15kN 3 
h, 
Fig. 1. 


relatively rapid deflexion of the Q.R.s. complex is used to initiate the current 
pulse, an amplifier of fairly short time constant can be used, with considerable 
economy in space. In practice coupling condensers of 0-1 uF’. with grid leaks 
of 1 MQ are more than adequate. The ‘flip-flop’ circuit used to produce a 
square pulse is sensitive only to small positive changes in voltage applied to the 
grid of the first triode (Fig. 1). This arrangement somewhat increases the dis- 
crimination of the circuit for the 9..s. deflexion, The second triode is direct- 
coupled to an output valve which has the coil of the counter as its anode load ; 
and by using a similar output valve with the same cathode resistor, so that the 
current consumption is sensibly constant, a single stabilized power supply may 
be used for both amplifier and trigger circuits. The duration of the square 
current pulse may be adjusted to a convenient value by means of the 2 MQ 
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variable resistor. The size of the triggering pulse is varied by altering the 1 MQ 
variable resistor until the counter just operates at each heart beat. 

Two sources of error are likely to be encountered. Movement of the elec- 
trodes may give rise to voltage changes sufficient to trip the circuit; and the 
Q.8.8. deflexion may so alter during a period of observation that it fails to trip 
it. In practice neither error is at all serious; should it occur attention is 
immediately drawn to it by the change in rhythm of the impulse counter 
(Thorp, 1948) used to obtain a graphic record. 
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Intrahepatic short-circuiting of the portal venous blood flow. By 
P. M. Danret and M. M. L. Pricnarp. From the Department of Pathology, 
Radcliffe Infirmary, the Nuffield Department of Surgery, and the Nuffield 
Institute for Medical Research, University of Oxford 

Serial angiography has been used to demonstrate the portal venous blood flow 
through the liver of the living animal. Animals of several species were used. 
They were anaesthetized, generally with pentobarbitone and ether, but 
occasionally with ether alone. Through a short mid-line incision a loop of 
intestine was gently withdrawn to expose a small tributary of the superior 
mesenteric vein. Into this vessel a small quantity of thorotrast was injected, 
and the circulation of the contrast medium through the liver was recorded in 
serial radiographs taken at a rate of 1 or, more commonly, 2 per sec. 

In the angiograms of a series of normal animals (i.e. animals subjected to no 
procedure other than,a small laparotomy and an injection of contrast medium) 
two quite different pictures of the portal venous circulation were observed. 
In most cases the circulating contrast medium perfused the whole liver so 
uniformly that the diffuse shadow seen at the sinusoidal stage of the circulation 
silhouetted the organ with considerable accuracy, and the contrast medium 
passed from the afferent to the efferent veins of the liver in a time which in the 
rat, for example, averaged 2-3 sec. The angiograms of some animals, however, 
showed that areas in the peripheral parts of the liver received little or none of 
the circulating contrast medium, the diffuse shadow indicating the sinusoidal 
stage of the circulation being confined to regions nearer the hilum of the organ; 
in these animals the transhepatic flow was found to be more rapid, averaging, 
in the rat, 1-4 sec. The quick transit of the contrast medium from the afferent 
to the efferent veins of the liver, and the location of its shadow in its passage 
through the organ, taken in conjunction, clearly show that in these animals 
the portal venous blood flow was being transmitted by a route which con- 
stitutes a short-circuit. 
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A short-circuiting of the portal venous blood flow, in a variable degree, was 


_ observed in roughly one-third of both the rats and the young kittens which 
_ were used in the study of the portal circulation in the normal animal. A similar 
_ phenomenon was also frequently seen in rats shortly after partial hepatectomy. 
- When this occurred only the more central and hilar regions of the lobes left 
_ im situ at operation were perfused by the circulating contrast medium, and the 
’ transhepatic circulation of the portal venous blood was very rapid. 


The trigger which induces short-circuiting has not yet been identified, but 


_ there are indications that a neuro-vascular reflex is involved. 


As a complement to the angiographic studies of the portal circulation a study 


has been made of the anatomical arrangements of the vessels of the liver. 
_ Examination of injected preparations has shown that the arrangements of the 
_ vessels of the portal and hepatic venous systems are such as to permit all 
_ lobules, whatever their position in the liver, not only to receive their share of 
_ the portal venous blood, but also to receive and discharge it by the most direct 
_ route possible. Thus, the parenchyma of the liver, from hilum to periphery, 
_ contains innumerable pathways of various lengths by which the portal blood 


can make its transhepatic passage. The longer of these pathways are those 


_ which transmit blood through lobules situated at the periphery of the liver; 


the shorter are those by which blood is carried through lobules situated in the 


_ more central and hilar regions of the liver, namely, the parenchyma which is 


interposed between major stems of the portal and hepatic venous trees re- 
spectively. No communications other than sinusoids have been found con- 
necting the portal and hepatic venous systems of the liver. 

The angiographic studies have indicated that generally the portal venous 
blood flow is distributed throughout the liver and passes through all the many 
pathways which exist from hilum to periphery. They have also indicated that 
on occasion this blood flow is short-circuited, and that in these circumstances 
the shorter of the intrahepatic pathways, situated in the more central and hilar 


_ regions of the liver, transmit the greater part or even all of the flow, whilst 


little or no portal blood circulates through the longer pathways at the periphery. 


Thus the principle that blood may be diverted from the superficial parts of an 


organ to pass through its deeper regions has been shown to apply to the liver 


_ as it does to the kidney (Trueta, Barclay, Daniel, Franklin & Prichard, 1947). 


Serial angiographic records are shown which demonstrate both the normal 


circulation of the portal venous blood flow and also the phenomenon of short- 
circuiting. The characteristic features of vessels which form the shorter path- 
_ ways, through which the portal blood is sometimes short-circuited, are illus- 
_ trated in photomicrographs of injected preparations. 


REFERENCE 


| Trueta, J., Barclay, A. E., Daniel, P, M., Franklin, K. J. & Prichard, M. M. L. (1947). Studies of 


af 


the Renal Circulation. Oxford: Blackwell Scientific Publications, Ltd. 


° 
i 
“¢ 
= 


82 P PROCEEDINGS OF THE PHYSIOLOGICAL 


The measurement of secretion and absorption by intestinal loops 
in conscious dogs. By E. M. Vavenan Witu1ams. Department of Pharma- 
cology, University of Oxford 

An operation for the introduction of cannulae into both ends of a Thiry-Vella 

intestinal loop, and an apparatus for measuring the rate at which fluid is 

transported along it, has already been described (Streeten & Vaughan Williams, 

1951). The cannulae used were made of silver, and it was not found possible 

to prevent the ultimate development of leaks around them. Recently, with 


Fig. 1. 


plastic cannulae of slightly modified design, such leakage has been eliminated. 
In the absence of any loss of fluid between the loop and recording equipment, 
it became possible to extend the method to the measurement of rates of 
secretion or absorption by the loop. 

In principle the apparatus (Fig. 1) is very simple. One float-recorder (A) 
measures the rate at which fluid enters the loop, and another (B) the rate at 
which it leaves. 

Fluid flows from a reservoir, whose height is adjustable, through a heat- 
exchanger (not shown), which raises its temperature to 38° C., into the proximal 
end of the loop. It emerges from the distal end, and, if expelled with sufficient 
force, runs out of a side-arm in a vertical glass tube, whose height is also 
adjustable. The volume of fluid expelled is recorded by a float-recorder (B), 
connected to a glass cylinder which, when it is filled to a certain level, is 
emptied by a relay (R). 

The addition of another recorder, to measure the rate at which fluid entered 
the loop, encountered three main difficulties. First, since the pressure of the 
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inflowing fluid influenced the loop’s activity, a constant-level reservoir was 
necessary. In the conventional type (D), with a submerged air-inlet, the air 
above the fluid is at less than atmospheric pressure. Consequently, when air 
enters the bottle from the recorder, it occupies a greater volume than when it 
was in the recorder. To avoid this the whole inflow reservoir (JR) has been 
made to float in a bath maintained at a constant level. When a drop of fluid 
runs out from the reservoir into the loop the total weight of the reservoir 
decreases, and it therefore floats higher, the level of fluid inside remaining 
unchanged. 

Secondly, since the float in recorder (A) descends as each drop leaves the 
reservoir, it has to be reset at intervals to its original height. The fluid released 
from the outflow recorder by the relay is collected into an aspirator (C), filled 
with air and connected by a closed circuit to the inflow reservoir and recorder. 
When a given volume of fluid leaves the outflow recorder, an equal volume of 
air is displaced into the inflow system, and resets the float of the inflow 
recorder, 

Finally, it is necessary to keep the air in the recording system at a constant 
temperature. Water at room temperature is circulated by a rotary pump 
through a jacket surrounding the air in the inflow reservoir, and through a 
large tank containing the aspirator which collects the outflow. Since it was 
found that a small quantity of heat is continually added to this water by 
conduction from the warm fluid leaving the dog and by the mechanical action 
of the pump, provision has been made for removing a controllable quantity of 
heat from the pump-circuit by means of a heat-exchanger (HE) kept below 
room temperature. | 

If more fluid enters the loop than leaves it, i.e. if fluid is absorbed, the mean 
level of recorder (A) falls, since it is reset only by the volume of fluid expelled. 
_ Conversely, if more fluid flows out of the loop than is admitted, i.e. if secretion 
_ is more rapid than absorption, the mean level of the inflow recorder rises. 


REFERENCE 
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Nerve endings at the joint of the epiglottis. By B. L. AnprEw and 
Jean Oxiver. Department of Physiology, University College, Dundee 
Observation of afferent nerve impulses in a branch of the superior laryngeal 
nerve of the rat indicated that proprioceptors were located at the joint of the 
epiglottis with the thyroid cartilage (Andrew, 1950). 
The nerve bundle containing the fibres which serve the joint leaves the main 
_ trunk of the superior laryngeal nerve and passes through a foramen in the 
_ thyroid cartilage and runs between the cartilage and the thyro-arytenoid 
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muscles. It passes dorsal and lateral to the joint of the epiglottis and gives off 
a few myelinated fibres in the direction of the joint. At this point of branching 
the nerve contains about 100 myelinated fibres and usually less than five serve 
the joint. The remaining ninety-five innervate the mucosa of the epiglottis and 
the submucosal mucous glands. The mucosal fibres may be tracked into taste 
buds, subepithelial end bulbs of simple design or a subepithelial plexus which 
gives rise to very fine non-myelinated fibres which penetrate the epithelial 
layer. 

The articular nerve fibres have been seen to end in two ways. First, 


endings were found amongst connective tissue fibres of the capsule. Kach 


ending was formed by the repeated division of a parent fibre into a number of 
very fine fibres less than 1 .. in diameter, the smallest of which usually showed 
granulations. The fine nerve fibres were arranged spirally or as rings around the 
fibres of the connective tissue. Sometimes the ending was formed from two 
fibres, one of smaller diameter than the other. These endings bear some resem- 
blance to the Ruffini type organs which were found in the capsule of the knee 
joint of the cat by Gardner (1944). Secondly, endings were found amongst fat 
cells lying within the synovial layer. These were either a very fine network of 
non-myelinated fibres, which appeared to be very close to the fat cells, or 
simple acorn-shaped endings lying between the fat cells or applied to them. 
These two types of endings amongst fat cells are similar to those described by 
Sfameni (1902) in the knee joint of the dog. No Pacinian corpuscles were seen. 
Recordings of the sensory nerve impulses in the main trunk were made whilst 
the joint was dissected. Local distortion of the joint tissues produced a modu- 
lation of the frequency of discharge of nerve impulses from individual endings 
which could be detected by ear. In this way it was possible to localize some of 
the endings. These were sensitive to stretching of the tissues holding the 
cartilages together on the dorsal side of the joint. Histological methods usually 
revealed endings in the connective tissue in this location. 

The general plan of the innervation was revealed by whole mounts of the 
epiglottis and joint. These were stained by perfusion of the blood vessels with 
a solution of methylene blue. The composition of the perfusion fluid was 
methylene blue 0-1 g., glucose 2 g., magnesium bromide 1-5 g., sodium chloride 
8 g. dissolved in 11. distilled water at 37° C. The rat was anaesthetized with 
urethane and the peripheral end of the common carotid artery cannulated. 
The arteries arising from the common carotid were tied off except those 
supplying the larynx and thyroid gland. Four c.c. of perfusion fluid were 
injected and then the procedure was repeated on the other common carotid. 
After an interval of about 15 min. 2.c.c. of perfusion fluid of the same com- 
position as that given above, but without the methylene blue, were injected. 

The larynx was then excised and dissected in a shallow dish under a binocular 
microscope. The epiglottis and joint were cut in the mid-line into right and 
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left halves. When the correct degree of staining had been obtained the two half 
joints were floated on a saturated solution of ammonium molybdate for 18 hr. 
A small cork raft was used to keep the tissues on the surface of the fluid so that 
decolorization of the methylene blue did not take place during fixation. After 
washing in distilled water for 1 hr. most of the preparations were dehydrated 
in absolute ethyl alcohol at 0° C. and cleared in ice-cold xylol, but it was found 
_to be equally satisfactory, although slower, to dehydrate and clear in mixtures 
of tertiary butyl alcohol and terpineol at room temperature. The terpineol 
apart from its function as a clearing agent has the useful property of main- 
taining the tertiary butyl alcohol as a liquid at room temperature. The blood 
supply to the joint was demonstrated by perfusing 2 c.c. of a gelatine carmine 
injection mass after completion of the methylene-blue perfusion. 
This work was aided by a grant from the Medical Research Council. 
REFERENCES 
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Application of the quantitative method of assessing neurological 
status to trials of vitamins B,, and B,, in subacute combined 
degeneration of the cord (film and graphs). By C. C. Unetey. 


_A quantitative method of assessing neurological status has been used for 

determining the effect of liver extracts and vitamin B,, in subacute combined 

~ degeneration of the cord (Ungley, 1949). A film demonstrates the kind of tests 

_ applied and the progress of an illustrative case. Graphs show changes in score 

_ for individual symptoms and signs and in the total score for neurological defect. 

| Percentage reduction in the total score in six months is a useful measure of 

_ response to treatment. The chief factor influencing this response is the duration 

of the disorder as indicated by the duration of difficulty in walking. Vitamin 

_B,, is as effective as liver extracts whether crude or refined. Results so far 
obtained suggest that vitamin B,,, (Lester Smith, 1950) is also effective. 
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: _ Sino-aortic reflexes affecting the bronchi. By M. pz Buren Daty and 
| A. Scuweirzer. Department of Physiology, University College, London 


Electrical stimulation of the carotid sinus and aortic nerves in anaesthetized 
_ dogs and cats causes bronchoconstriction or bronchodilatation. 
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An analysis of these effects by means of isolated carotid sinus experiments 
shows that a rise in intrasinusal pressure causes only bronchoconstriction, and 
that stimulation of the chemoreceptors causes bronchodilatation. 

Evidence has been obtained that these bronchomotor responses are reflex in 
nature. 


The inhibitory effects of minute doses of acetylcholine. By R. J. 8. 
McDowatt and R. 8. Watson. Department of Physiology, King’s College, 
London 


It is well known that isolated denervated mammalian muscle is stimulated by 
acetylcholine (Frank, Nothmann & Hirsch-Kauffmann, 1922; Gasser & Dale, 
1926; Dale & Gaddum, 1930; Brown, 1937), but that the response is very 
temporary, and thereafter the muscle will not respond to electrical stimuli. 

It is now shown in the isolated denervated diaphragm that the effects of 
minute doses of acetylcholine, which may themselves be non-stimulative, is 
cumulative and renders the muscle insensitive to large doses of acetylcholine 
and to electrical stimulation. The inhibition is reduced or abolished by 
sympatheticomimetric drugs. 

The possibility that the liberation of minute amounts of abetyicholine in the 
central nervous system may be responsible for central inhibition now becomes 
an interesting conjecture. 

REFERENCES 
Brown, G. L. (1937). J. Physiol. 89, 438. 
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The action of adrenaline on the rat diaphragm. By J. A. C. Knox, 


R. J. 8. McDowa.t and K. A. Montacu. Department of Physiology, King’s 
College, London 


Goffart & Brown (1947) found that the action of adrenaline on the rat diaphragm 
varied with the environmental potassium concentration, and Hajdu & 
McDowall (1949) showed that the effect of a depressant concentration of 
potassium was antagonized by adrenaline. This last observation has now been 
examined in greater detail. The antagonism is of short duration, and after it 
has been produced by a large dose of adrenaline (100 yg. in 50 c.c. bath), a 
second dose has no effect. Using small concentrations of adrenaline the effect 
is repeatable, but the successive doses required to produce equal effects vary 
with environmental conditions. About one-third of the preparations respond 
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to a concentration of less than 1 in 10 of adrenaline. Other substances 


_ which have a similar action are sympathomimetic drugs, calcium and acids. 


REFERENCES 
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_ The significance of the ‘on-effect’ in the perception of loudness. 


By J. D. Hoop. Otological Research Unit, Medical Research Council, 
National Hospital, Queen Square, London 
In an earlier communication (Dix, Hallpike & Hood, 1949) we described a type 
of aural fatigue which we termed per-stimulatory fatigue, since its existence 


_ could only be demonstrated during the actual application of a fatiguing tone. 


Fatigue was measured as a loudness inequality in tones of the same frequency 
applied simultaneously to the fatigued and unfatigued ears of a single observer, 
using the so-called simultaneous balancing technique. This fatigue has many of 
the characteristics of sensory adaptation, and its magnitude under certain 
circumstances is considerable. 

Further studies have now been carried out, using an alternate balancing 
procedure whereby we have endeavoured to measure fatigue as a loudness 
inequality of tones applied alternately to the fatigued and unfatigued ears. 
Under these circumstances no fatigue is measurable. It seems likely here that 
loudness is dependent upon the ‘on-effect’ in the electrical response of the 
cochlear nerve. 
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_ Oxidation of adrenaline and noradrenaline by amine oxidase. By 


H. Buascuxo and J. H. Burn. Department of Pharmacology, University of Oxford 
If a solution of either adrenaline or noradrenaline is incubated in oxygen with 
a preparation of amine oxidase from rabbit liver, oxygen is consumed at about 
the same rate by both. 

If, however, a mixture of equal parts of both substances is incubated and the 
ratio of noradrenaline to adrenaline in the incubated mixture is determined by 
the method of Burn, Hutcheon & Parker (1950), it is found that as incubation 
proceeds the percentage of the pressor activity due to noradrenaline steadily 
falls from 50 to 10%, and the percentage of the activity due to adrenaline 
rises from 50 to 90%. This indicates that the enzyme has a — for 


_ noradrenaline as compared with adrenaline. 
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Investigation of the arterio-venous anastomoses in the stomach 
wall of man. By D. N. Watper. Department of Surgery, University of 
Durham 


Human stomachs removed at operation have been perfused in vitro. By the 
introduction of glass spheres of known diameter (60-180 p. ) into the perfusate 
entering the arterial side of the circulation, and examining for their presence in 
the venous outflow, it has been possible to demonstrate that arterio-venous 
shunts many times greater in diameter than the capillary vessels must be 
present (Walder, 1950). The number of spheres appearing in the outflow is 
increased by sudden rises in perfusate pressure, lowered temperature, the 
addition to the perfusate of adrenaline, acetylcholine, ergotoxine, pilocarpine 
and nicotine, and by electrical stimulation of a leash of nerves on the lesser 
curve. In most stomachs adrenaline has resulted in a greater increase in the 
number of spheres than has acetylcholine. Changes in the pH of the perfusate, 
raised temperature and the addition of histamine to the perfusate do not 
result in an increased flow of spheres. 


REFERENCE 
Walder, D. N. (1950). Lancet, 258, 162. 


Olfactory adaptation. By E. D. Aprian. The Phystological Laboratory, 
Cambridge 

When the mammalian olfactory organ is stimulated by a steady current of air 
- containing odorous material the sensory discharge declines after a few minutes, 
but with the normal intermittent stimulation at each breath there is no pro- 
gressive weakening of the response. The weakening of olfactory sensation 
seems to be due not to adaptation of the receptors but to the competing effects 
of the receptor signals and the intrinsic activity of cells in the olfactory bulb, 
both of which have access to the mitral pathways. When the nose is un- 
stimulated the intrinsic activity produces a continuous discharge of impulses 
in the mitral axons. Stimulation reduces this activity and the olfactory signals 
are at first transmitted without interference, but before long the continuous 
discharge builds up again and swamps the olfactory effect. Olfactory adapta- 
tion is therefore comparable to a failure of attention though it cannot be 
overcome (in man) by voluntary effort. 
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Hue discrimination of the central fovea measured at various 
luminance (brightness) levels. By L. C. Tomson and P. W. Trezona. 
Imperial College of Science and Technology, London, S.W. 17 


_ When a 1° 20’ test field is used, the hue discrimination of the central fovea 


deteriorates at low luminance (brightness). The deterioration is uniform through- 
out the whole spectrum except for the region 420-460 my., a region in which 
changes of luminance (brightness) produce no change of hue discrimination. 
So far as can be determined the eye is not tritanopic at low luminance 
(brightness). 


Hue discrimination in para-central parts of the human retina 
measured at different brightnesses. By R. A. Wea.e. Vision Research 
Unit, Medical Research Council Institute of Ophthalmology, Judd Street, 
London 


The hue-discrimination curve was obtained at 0, 10 and 15° at three brightness 
levels, using a split circular field of 50’. At high brightnesses the para-central 
curves are similar to the foveal, while tritanopia is found at low brightnesses 
at 10 and 15°. 


The assay of vitamin B,, and related compounds in man. By 
C. C. Unetey. Royal Victoria Infirmary, Newcastle wpon Tyne 


At present the only method for human assay of vitamin B,, is in patients with 
pernicious anaemia. A good criterion of response is the increase of erythrocytes 
in 15 days after a single dose. Doses are spaced logarithmically. For each dose 
the mean of a number of responses is determined. Not only the dose but the 
initial erythrocyte count influence the response, but a formula covering both 
factors has been devised by Mr H. Campbell, F.S.8. There is a linear relation- 
ship between mean response and logarithm of the dose, at least for doses between 
5 and 160 yg. This dose-response curve (Ungley, 1949) forms a useful standard 
for comparison, e.g. in assessing the relative values of vitamins B,, and B,,,. 
The vitamin B,, and some of the vitamin B,,, was derived from Streptomyces 
griseus (Lester Smith, 1950). eae 

Smith, E. Lester (1950). Proc, Roy. Soc. Med, (in the Press). 

Ungley, C. C. (1949). Brit, med. J. 2, 1370. 


Noradrenaline and rabbit suprarenal glands. By G. B. WEsr. 
Department of Materia Medica, Medical School, Dundee 
Holtz & Schiimann (1950) showed that rabbit suprarenal glands, unlike those 
of dog, cat or man, contain only adrenaline. This has been confirmed by testing 
acid extracts of glands, removed before or after stimulation, on the fresh 
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isolated rabbit ileum, the stored rabbit ileum, the isolated rectum of the 
cockerel, and the isolated uterus of the non-pregnant rat. Blood in the 
_ suprarenal vein before stimulation of the splanchnic nerve contains adrenaline 
(mean value 0-084 ,g./ml. plasma); traces of noradrenaline can sometimes be 
found. In the first 10 min. of continuous stimulation there is a rise in the 
adrenaline and noradrenaline content of the blood, but continued stimulation 
results in the disappearance of noradrenaline, only adrenaline being detected 
at this stage. These findings, together with the results of earlier work (West, 
1947, 1948), allow of the conclusion that in the rabbit adrenaline is more 
important than noradrenaline in the transmission of autonomic nerve impulses. 


Holtz, P. & Schtimann, H. J. (1950). Nature, Lond., 165, 683. 
West, G. B, (1947). J. Physiol. 106, 426. “4 
West, G. B. (1948). Brit. J. Pharmacol. 3, 189. 


The electroretinogram of the blind spot. By H. AsHEr. 
Physiology Department, Birmingham University 
The electroretinogram of the author’s right eye was recorded using an amplifier 
of 0-15 sec. time constant, a flash of ; sec. and a source subtending 18 min. at 
the eye and giving an intensity of 2-5 f.c. at the cornea. 

The image of the light source was made to fall in turn on the blind spot, on 
the fovea, and on the portion of retina symmetrically opposite the blind spot 
on the other side of the fovea. The sequence was varied. Forty-four electro- 
retinograms were taken for each position. The average values in arbitrary 
units were found to be: blind spot 8-2, fovea 7-2, control position 7-2. These 
results support the view of Fry & Bartley that if a small patch of light falls 
on the retina then the resulting electro-retinogram is due almost entirely to 
stray light. 

Fry, G. A. & Bartley, 8. H. (1935). Amer. J. Physiol. 111, 336. 


Reduction in renal cortical blood content produced by intravenously 
injected nephrotoxic substances. By J. E. Corzs. Department of 
Physiology, St Bartholomew’s Hospital Medical College 

Reduced renal blood flow is associated with the actions of nephrotoxic sub- 

stances (see, for example, Corcoran, Taylor & Page, 1943), and experiments 


were planned to see if effect was direct, and whether nervously or chemically _ 


intermediated. The subjects were 120 lightly anaesthetized, acutely adrenal- 
ectomized rats with the left kidney denervated, as shown by its failure to pale 
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superficially on tracheal occlusion (Franklin, McGee & Ullmann, 1951) or distal 
splanchnic stimulation. The substances used were mercuric chloride (1% in 
saline, which is itself inert), sodium oxalate (4%), acid sodium phosphate 
(50%), dioxan, and uranium acetate (3-6%). In the dosage of 0-5-1 ml./kg. 
the first four produced rapid transient paling of the surfaces of both kidneys; 
dioxan in lower dosage, and uranium acetate in the lethal dosage of 0-5-1 ml., 
of the innervated kidney only. Transpontine decerebration did not abolish 
the effects, and in the mercuric chloride and sodium oxalate epoca no 
fall in blood pressure occurred. 


Corcoran, A. C., Taylor, R. D. & Page, I. H. (1943). J. Amer. med. Aes. 128, 81. 
Franklin, K. J., MoGee, L. E. & Ulimann, E. A. (1951). J. Physiol. 112, 43. . 


Some effects of adrenaline on muscle blood flow. By R. 8. Durr 


and H. J.C. Swan. Sherrington School of Physiology, St Thomas’s Hospital 
Medical School, London, 8.E.1 


Allen, Barcroft & Edholm (1946) reported that intravenous infusions of 
adrenaline caused a brief five-fold increase in blood flow in the human forearm; 
thereafter the blood flow settled at about twice the resting value for the dura- 
tion of the infusion. 

A similar response has now been found in the normal calf. 

.  Sympathectomized limbs show the characteristic initial increase in flow, but 
for the remainder of the infusion the blood flow approximates to the resting 
level. 

A similar response occurs in normal limbs when comparable amounts of 
adrenaline are infused into the artery. 

It is suggested that to the local action of adrenaline on muscle blood flow 
(shown by. intra-arterial infusion) an effect is superadded with intravenous 
infusions, leading to a sustained increase in flow. This latter effect seems to 
depend upon the integrity of the sympathetic pathway, for it is abolished by 
sympathectomy. 
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The effect of limbering-up on the oxygen usage during work on the 
brake cycle ergometer. By H. R. Nottie. Department of Physiology, 
School of Medicine, Leeds 

_ Expired air was collected by Douglas bag before, during and after 25 min. 

standard work with a 2 or 3 kg. belt load, pedalling at 1 rev./sec. The same was 

done with a 5 min. period of limbering-up on half-load immediately before, 
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or with a gap of 14 min. before, the standard work. The procedure resembled, 
but is not the same as, that of Asmussen & Boje (1945). 

Three subjects, rested, non-fasting, completed the series once; one subject 
completed it five times and his results were averaged. 

In no case was the rate of oxygen usage markedly affected by the variation 
in procedure. The oxygen debt, due to the standard work portion only, appeared 
to be lowered appreciably by limbering-up and less so if a gap intervened ; but 
the ‘t’ test applied to the series for the one subject showed the difference was 


not statistically significant. 
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Action of strychnine on the ‘intermittent conduction’ of impulses 
along the dorsal columns of the spinal cord of frogs. By M.G. F. 
Fuortes*. Physiological Laboratory, University of Cambridge 

In normal conditions, the intermittent conduction that occurs in the dorsal 

columns can only be clearly seen in single fibres, because the oscillating block 

of conduction acts asynchronously on the different fibres (Barron & Matthews, 

1935). 

In the present experiments, rhythmic stimuli were delivered to a micro- 
electrode placed high up on the posterior columns and the resulting impulses 
were recorded from dorsal roots [X or X. Single-fibre intermittent conduction 
was often observed. 

It could also be shown that after strychnine the periods of conduction and 
block become synchronized in many fibres, and this correlates with the slow 
potential changes recorded simultaneously from a dorsal or ventral root. When 
convulsant doses are given, large prolonged central negativities appear in all 
roots and the periods of release of block (and outbursts of motor activity) 


coincide with these. 
, * Fellow of the Rockefeller Foundation. 


REFERENCE 
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Approximate calculations of the rate of diffusion of carbon monoxide 
from the blood capillaries to the myoglobin of muscle, and their 
bearing on blood volume determinations by the carbon monoxide 
and radioactive iron methods. By F. J. W. Rovexton. Department 
of Colloid Science, University of Cambridge 

The CO method gives higher results for blood volume than the radioactive iron 

method (Nickerson, Sharpe, Root, Fleming & Gregersen, 1950), possibly 

because of CO combination with myoglobin (Mgb) during the few minutes 
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allowed for mixing of CO within the circulation (‘mixing period’). The COMgb 
formation rate, R, is not directly known, but is roughly calculable on assump- 


tions similar to those of Krogh (1922) for computing oxygen uptake by muscle. 
R, initially, then 
(Dk) 
ja B (a, b, D, k), 


(1) 


where p= blood CO pressure, b = radius of blood capillary, 2a = distance between 
open capillaries, D=CO diffusion constant, k=1[Mgb], velocity constant 
of CO+Mgb, B involves modified Bessel Functions. In present examples B 
lies between 1 and 1-5. 

Inserting reasonable values in (1) suggests that in the case of active muscle 
CO equilibrium between the blood and the myoglobin should be reached well 
within the ‘mixing period’. In resting muscle, calculation does not yield 
definite conclusions. 
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Intestinal blood-flow changes in normal human subjects. 
By J. Grayson. Department of Physiology, University of Bristol — 


The use of rectal thermocouples heated electrically above blood temperature 
has been suggested (Grayson, 1950) as a means of detecting intestinal blood- 


_ flow change. In an investigation of the method heated thermocouples and cold 


junctions were both inserted rectally with an inflated balloon from which changes 
in tone of the bowel wall were optically recorded. Stimuli which have been 
shown by direct observation on colostomies to produce intestinal vasocon- 
striction—body heating, intravenous adrenaline (5 »g./min.) and intravenous 
dihydroergocornine (0-3 mg.)—all produce an increase in heated thermocouple 
temperature relative to the unheated couple, without change in tone of the 
bowel wall. Vasodilator stimuli, e.g. body cooling, had the reverse effects. 
Consistent results were obtained in all experiments. Artefact due to change in 
bowel tone was eliminated by the intracolonic pressure record and it is suggested 
that the method affords a useful indication of intestinal blood-flow change. 


REFERENCE 
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Intestinal blood -flow changes in man during fainting. By J. Grayson, 
Department of Physiology, University of Bristol, and H.J.C. Swan, Sherrington 
School of Physiology, St Thomas’s Hospital, London 


The faint syndrome was induced by venous occlusion of the thighs, and bleeding 
where necessary, in thirteen normal adults and in one patient with a colostomy. 
Recordings were made from the pelvic colon using a heated thermocouple with 
its cold junction in the rectum. Measurements were also made of absolute 
rectal and mouth temperatures, blood pressure and heart rate. Fainting was 
accompanied by a rise in heated thermocouple and absolute rectal temperatures 
and a fall in mouth temperature. In the colostomy the temperature of the 
exposed intestine was recorded and showed a sudden drop during fainting with 
a gradual recovery. There was an initial blueness of the bowel followed by 
pallor; during recovery transient flushing was again followed by pallor. 

The results suggest that during fainting there is a diminution in blood flow 
to the bowel. The rise in rectal temperature is not completely understood. 


Response of Pacinian corpuscles in the cat’s toe. By J. A. B. Gray and 
P. B. C. Marruews. Mill Hill, 
London, N.W.7 


Adrian & Umrath (1929) recorded a slowly adapting sensory discharge in the 
plantar digital nerve of the cat when they pressed a sensitive area on the 
tendon sheath of a distal phalanx. They concluded that it came from Pacinian 
corpuscles. In repeating their experiments we have invariably found a rapidly 
adapting discharge of large action potentials lasting at most a few seconds, and 
only occasionally have we seen a slower adapting response as well. Pacinian 
corpuscles were always found under the sensitive area; a steady pressure 
applied to these exposed corpuscles gave the same short response. It was 
abolished on destroying the corpuscles. A similar response can be obtained from 
an isolated corpuscle in the mesentery (Gray & Malcolm, 1960). Abnormal 
temperatures, respiration or blood supply do not alter the response. 

It is concluded that Pacinian corpuscles are rapidly adapting end-organs 


and are not receptors for indicating steady pressure. The slower discharges 
come from other unidentified endings. 


Adrian, E. D. & Umrath, K. (1929). J. Physiol. 68, 139. 
Gray, J. A. B. & Maloolm, J. L. (1950). Proc. Roy. Soc. B, 187, 96. 


8 4 


(1 
al 
fo 
4 re 
lo 
re 
ar 
de 
ne 
T 
REFERENCES U 
th 


SOCIETY, 14-15 JULY 1950 45 P 


_ The correlation of pulmonary arterial pressure pulses with the 


discharge of afferent pulmonary vascular fibres in the vagus 
nerve. By J. W. Pearce and D. Wurtreriver. University Laboratory of 
Physiology, Oxford 


_ The nature of the stimulus to receptors of pulmonary vascular fibres 


(Whitteridge, 1948) has been investigated. Pulmonary arterial pressure was 


_ recorded in animals with closed chest and spontaneous respiration, using a 


specially designed cannula and a condenser manometer. The pulmonary 
arterial pressure was measured during normal respiration, positive pressure 


_ inflation and negative pressure deflation of the lungs, and was found to change 


in the same way as the discharge pattern in vascular afferent fibres. In three 


_ experiments simultaneous records of impulse discharges and pressure pulses 


were obtained, There was a close relation between the activity of these fibres 
and the pulse pressure in the pulmonary artery, but there was no corre-— 
spondence with the pulse pressure in the aorta. It is therefore reasonable to 
infer that these vascular fibres arise from the arterial side of the pulmonary 
vascular bed. 
REFERENCE 
Whitteridge, D. (1948). J. Physiol. 107, 496. 


_ The decurarizing effect of a tetanus. By 0. F. Hurrer. Department of 


Physiology, University College, London, W.C.1 

With a suitable rate of infusion of p-tubocurarine chloride a standard reduced 
response to iterative single maximal nerve volleys is obtained from the tibialis 
anterior of cats. Interpolation of a tetanus leads to a transient rise in tension, 
followed by complete block throughout the remaining duration of the tetanus. 
During the block, the response to close arterial injections of acetylcholine 
remains substantially unchanged. The sequel to the interpolated tetanus is 2 
long-lasting increase in the twitch tension. During this ‘decurarization’ the 
responsiveness of the muscle to acetylcholine is also unchanged. The changes in 
transmission during and after a tetanus are not therefore due to changes in the 
sensitivity of the muscle to acetylcholine. Large doses_of both acetylcholine 
and choline decurarize like a tetanus. It appears possible that a tetanus 
decurarizes by producing changes in the metabolism of acetylcholine at the 
nerve terminals. 


_ Technique for perfusion of the Thiry-Vella loop in dogs. By E. W. 


CLarKE and D. H. Suyra. Department of Physiology, University of Sheffield 
Use of the Thiry-Vella loop for motility or absorption studies in unanaes- 
thetized dogs necessitates a watertight connexion with the ends of the loop. 
This can be done by a permanent silver cannula (Gregory, 1950), but in our 
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experience the presence of a cannula causes some discharge, and the junction 
between cannula and intestine may not remain watertight. We have therefore 
used Perspex cannulae, held in position over each end of the loop by a suction 
ring making a watertight junction with the skin. A negative pressure of 
30-50 cm. of mercury is used. | 
The cannulae remain firmly in position in spite of considerable moveme 

of the dog. Fluid can be perfused through a completely closed circuit and the 
preparation is suitable for absorption or motility studies. 


REFERENCE 
Gregory, R. A. (1950). J. Physiol, 111, 19. 


Selective absorption of amino-acids from Thiry-Vella loops. By 
E. W. Crarxe, Q. H. Grsson, D. H. Smytx and G. Wiseman. Department of 
Physiology, The University of Sheffield 

It has recently been shown by Elsden, Gibson & Wiseman (1950) that stereo- 
chemical specificity can be demonstrated in the absorption of amino-acids from 
the rat intestine. The observations have now been extended to Thiry-Vella 
loops in dogs, so that the process of absorption can be studied in the unanaes- 
thetized animal with the intestine under reasonably physiological conditions. 
The Thiry-Vella loop was perfused by means of the apparatus described by 


30 min. The perfusate was then collected, the loop washed out, and estimations 
made of the amounts of the stereoisomers of the amino-acids in the total 
washings and perfusate. The methods of estimation of the isomers were those 
previously described by Elsden e¢ al. (1950). 

Preliminary experiments with histidine and alanine have shown that in both 
cases the naturally occurring isomer is preferentially absorbed. 
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Pulmonary receptors in the cat. By G. 8. Dawes, J. C. Morr and 
J. G. Wippicomse. Nuffield Institute for Medical Research, Oxford 
Phenyl diguanide and 2a-naphthyl-ethyl isothiourea stop respiration in the 
expiratory phase in cats; this is abolished by vagotomy and is attributed to a 
reflex from the lungs (Dawes & Mott, 1950; Dawes & Fastier, 1950). It seemed 
possible that these substances might excite or sensitize the pulmonary stretch 
endings. In vagotomized cats, single-fibre preparations of the cervical vagus, 


Clarke & Smyth (1950) with solutions of amino-acids for periods of about — 
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) _ possessing activity characteristic of pulmonary stretch endings, showed very 
) _ rapid repetitive discharges in response to veratridine; they were unaffected by 
_ phenyl diguanide and 2a-naphthyl-ethyl isothiourea in doses more than 

_ adequate to cause respiratory inhibition with intact vagi. 

_ Cooling the vagi blocks pulmonary stretch fibres at about 10° C. (Whitteridge, 
) 1948) and was found to abolish the respiratory inhibition caused by veratridine 
: _ at 9-10° ©. The inhibition caused by the two amidines is unaffected at this 
- temperature and is only somewhat reduced at about 2-3°C. Some other 
pulmonary sensory receptor for this type of respiratory inhibition in the cat 
must therefore be postulated. 
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_ The basal secretion of pepsin in gastric pouch dogs. By B. Scuorre.p. 
Bueckston Browne Research Farm and the Department of Physiology, Medical 
School, Newcastle wpon Tyne 

_ In Hollander type innervated pouches, the mean hourly output of pepein 
during an 8 hr. resting period, beginning 16 hr. after feeding, was frequently 
very high compared with the mean output during the following 16 hr. in which 

| —f the animal was fed. Heidenhain pouches secreted less pepsin, but the resting 

output was consistently higher than that of the meal period. A uniform meat 

: and bread meal was used. Pepsin was estimated by a modification of Hunt’s 

| (1948) method. 

: Subdivision of the collecting periods shows that in Heidenhain pasihio a 
marked rise in pepsin output occurs 14—26 hr. after feeding, unaccompanied 
by a significant increase in acid output. Similar delayed rises occur in some 
innervated pouches, but they are inconstant in magnitude and relationship 
to the time of feeding. 

_ The significance of these delayed rises is not yet known. They do not depend 

_ on the bread in the meal. 
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The distribution of a single cutaneous nerve fibre in the rat. 

By R. Cott. Department of Human Anatomy, University of Oxford 
In rats under ‘dial’ anaesthesia the sheath was removed from the sural nerve 
following its division and action potentials recorded by loud-speaker and 
_ cathode-ray oscilloscope from the smallest nerve fibre units then available in 
_ the distal segment. 
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Stimulation with a camel-hair brush of small areas of skin in the sural ‘zone’ 


gives rise to trains of impulses of uniform size. These ‘active’ areas range in 
size from 6 sq.mm. to less than 1 sq.mm. (two hair papillae), the surrounding 
skin being silent. When the action potentials obtained by stimulating the whole 
of the ‘active’ area by a single stroke of the brush are compared with reference 
to the size of the area, larger areas give rise to a greater number of action 
potentials of smaller amplitude. The number of action potentials. observed 
varied from 24 to 2. 

It is suggested that these areas correspond to the distribution of a single 
nerve fibre. 


The distortion of consciousness by electrical stimulation of the brain 
in man. By C. J. Morean. Morgannwg Hospital, Bridgend, Glamorgan 


Electrical stimulation of the brain (50 cyc./sec. a.c.) generally causes complete 
unconsciousness, but this result depends on the current and the electrode 
positions. With anterior frontal electrodes stimulation may cause muscular 
spasm without complete loss of consciousness. The degree of consciousness 
varies. Some subjects can describe conversations heard during the period. 
Flashes of light and chequer-board patterns are commonly seen. The hands 
may make vague movements towards the mouth. There is the will to perform 
movements but inability to execute them owing to the muscular spasm. 

Of particular interest is that a few subjects become unconscious only when 
the stimulation ceases, having amnesia forseveral minutes after treatment, while 
retaining impressions for the period of stimulation. Unconsciousness results 
when a major fit occurs; but if this does not happen, the current can be 


Depolarization and transmission block in the cat’s superior cervical 
ganglion. By W. D. M. Paton and W. L. M. Perry. National Institute 
for Medical Research, Mill Hill, London, N.W.7 


In chloralosed cats single maximal shocks were applied to the cervical sym- 
pathetic and records were taken with non-polarizable electrodes from ganglion 


to cut postganglionic trunk using d.c. amplification. The action potentials and — 


the potential difference between ganglion and cut postganglionic trunk were 
recorded. Drugs were injected intra-arterially. 

Small doses of acetylcholine cause transient depolarization. Larger doses 
increase and prolong this depolarization, and this is then accompanied by 
partial or complete transmission block. Both depolarization and block may be 
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_ slightly potentiated by eserine, which in large doses itself blocks, but without 
depolarizing the ganglion. 

_ Nicotine and tetramethylammonium depolarize and block the ganglion like 
acetylcholine, but D-tubocurarine, pentamethonium and tetraethylammonium 
_ produce complete block without any depolarization. 

Thus, blocking agents at the ganglion, as at the motor end-plate, may be 
_ classified according to whether or not they depolarize the junctional region. 


_ The distribution of ascorbic and dehydroascorbic acids in blood. 
By B. B. Lioyp. Laboratory of Human Nutrition, University of Oxford 


_ After ascorbic acid is added to defibrinated human blood shaken under air at 
37° C. the ‘total’ ascorbic acid estimated by the hydrazine method (Roe & 
Kuether, 1943) slowly falls in the serum and rises in the erythrocytes, at rates 
varying directly with the quantity of leucocytes present. Total ascorbic acid 
in the leucocytes changes inappreciably. 

Dehydroascorbic acid added to blood nearly all appears after a short time as 
total ascorbic acid in the erythrocytes. Considerable reduction to ascorbic acid 
takes place. 

Three tentative conclusions are offered: ascorbic acid is oxidized in the 
leucocytes; part of the dehydroascorbic acid so formed passes through the 
serum to the erythrocytes; it is there partly reduced to ascorbic acid, The last 
two conflict with some of the conclusions, though not in the main with the 
_ results, of Heinemann (1941) and of Borsook, Davenport, Jeffreys & Warner 


(1937). 
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The significance of the ring-shaped ‘bouton’ in the visual pathway 


of rats. By F.C. Roparr. Department of Physiology, Medical School, King’s 
College, University of Durham 


Attention has been drawn to the difficulty of identifying in the lateral geniculate 
_ body of normal animals the ring-shaped type of bouton (Glees & Le Gros 
Clark, 1941; Nauta & van Straaten, 1947). Attention has also been drawn by 
_ these workers, and by others (Meyer & Meyer, 1945; Armstrong, 1950), to the 
_ frequent occurrence in degenerating fibres of argentophil rings. Their occasional 
_ presence, however, in sections taken from animals apparently normal and 
healthy has caused the ring-shaped bouton to remain categorized as a histo- 
logical entity. 


A histopathological study of the visual pathways of forty rats has provided 


_ strong evidence that the presence of argentophil rings in the course, and at 
_ the termination, of the optic tract fibres is evidence that a degenerative process 
_ is at work, be it traumatic, toxic, or nutritional. 


The appearance of rings may, however, be simulated by inadequate staining, 


by the looping of axis-cylinders, and by post-mortem changes. It is suggested 


_ that some of the descriptions of ring-shaped boutons in normal animals may 


_ have been due to these artifacts, and that true ring-shaped boutons are found 


_ only in degenerative conditions in the optic tract. 
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_ The behaviour of food in the rat’s stomach, especially of mother’s 
_ milk in the stomach of the suckling. By A. Borrow and B. 8. Piarr 


Reflex excitability of phrenic motor neurones. 
By I. Catma and D, V. Roserts 
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Micro-incineration in the study of red blood cells. By J. KruszyXsx1 


Electromagnetic recording of blood flow in unopened arteries. 
By T. G. and T. D. 


The oxygen electrode. By T. G. Ricnarps and T. D. Witt1ams 


Secretion and motility of the ruminant abomasum. 
By K. J. and A. G. 


Collection of intestinal lymph in conscious rats. By J. ALEXANDER 


Vascular studies using neoprene, with special reference to the 
liver. By W. H. H. AnpREws 


Adaptation of the Warburg respirometer for the determination of 
blood gases. By E. SHerwoop Jones 


Experimental production of congenital deformities in chickens. 
By P. K. Duratswami 


Osteoclasts in tissue culture. By N. M. Hancox. (Film) 


The proportion of the total hand blood flow passing through the 
digits. By A. D. M. Greenriexp, J. T. Soepnerp and R. F. WHELAN 


Heat loss from the digits and the whole hand into cold water. 
By A. D. M. Greenrietp, J. T. SHepHeRp and R. F. WHELAN 
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Diurnal rhythm in urine flow. By J.N.Mius. Department of Physiology, 
University of Manchester 

Five subjects lived for 10 days in Scotland at midsummer in an isolated cottage. 
When normal diurnal rhythmicity of habit was abolished by living for 48 hr. on 
a 12 hr. cycle of sleeping, eating and exercise, with measured and exactly 
repeated fluid intake, urine flow was consistently lower between midnight and 
3.00 a.m. than between noon and 3.00 p.m. For 6 days thereafter the subjects 
lived on a reversed 24 hr. cycle, interchanging habitual a.m. and p.m. activities. 
The 12 hr. cycle was then adopted for another 48 hr., to determine whether 
habitual rhythms had been reversed. The difference between day and night 
urine flows persisted clearly in three, dubiously in two, subjects. Habitual 
temperature rhythms also did not alter. 

There is thus an inherent rhythmicity in urine flow, independent of external 
rhythms excepting possibly that of illumination, and resistant to reversal of 
these rhythms for several days. 


An Expenses Grant from the Medical Research Council is gratefully acknowledged. 


Possible role of progesterone in the water retention of pregnancy 
in the mouse. By A. D. Dewar. Department of Physiology, University of 
Edinburgh 

The loss of the placentae in the mouse terminates a mechanism for water 

retention (Dewar & Newton, 1950). That the ovaries but not the pituitary are 

involved may be deduced from earlier work on the body weight loss following 
placental delivery (Newton & Lits, 1938; Newton & Beck, 1939). The present 
work indicates that the adrenals play no part in this mechanism, suggesting, 
therefore, a simple relationship between placentae and ovaries. This hypothesis 
is supported by the finding that progesterone administration inhibits the sudden 
weight loss (mainly water) of the pregnant mouse following removal of the 
uterus and ovaries, the weight loss occurring subsequently after cessation of 
progesterone treatment. The degree of protection against the weight loss is 
proportional to the dose of progesterone, as is also the weight loss after treat- 
ment ceases, and the dose affording complete protection is of a ‘physiological’ 
order as judged from that — to prevent abortion in the Sophonseromised 
pregnant animal. 
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Infra-red gas analysis for cardiac output determinations. By 
A. Hemtneway. Department of Physiology, School of Medicine, Leeds 
Using infra-red spectroscopy and graphic recording for almost instantaneous 
analysis of CO, in gas mixtures, the estimations (p-CO, in arterial and venous 
equilibrated alveolar air; rate of CO, production) required for a determination 
of cardiac output (Fick equation applied indirectly) in a human subject can be 
made within a period of 2 min. A continuous series of determinations can be 
obtained. 

When a resting subject changes his position from lying, or sitting, to easy 
standing, the cardiac output falls within 2-3 min. from 5-6 1./min. to 3-5-4-0 
1./min. and then remains unchanged, or continues to fall slowly for up to 20 min. 
Muscular movements increase the output. 

From the standing position, light exercise (30 steps/min. on 4 in. step; 
O, uptake 0-8-1-0 1./min.) causes cardiac output to rise quickly to 13-15 1./min. 
The output remains steady during the exercise but falls almost to the standing 
value in 4 min. after stopping. 
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